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ABSTRACT 
 
Groundwater contamination resulting from fuel leaks is a pertinent topic that is extensively 
studied today with the fate and behaviour of fuel contaminants being largely site specific.  
Methyl Tertiary Butyl Ether (MTBE), a fuel additive with properties that allow it to be 
extremely mobile in groundwater, is a contaminant of major concern.  The most commonly 
occurring degradation product of MTBE is Tertiary Butyl Alcohol (TBA) and by monitoring 
its levels, one can obtain a good sense of the extent of MTBE degradation. 
 
This study focuses on the development of a Direct Aqueous Injection Gas Chromatographic 
method with Flame Ionization Detection (DAI-GC/FID) for the analysis of MTBE and TBA.  
The analytical method was then applied in a site specific study where MTBE contamination 
was evident.  The method achieved detection limits of 1 ppm for MTBE and 0.1 ppm for 
TBA.  The method showed good precision, accuracy and selectivity.  The method was 
selected primarily for its ability to simultaneously analyze MTBE and TBA.   
 
The result of the site specific study showed the persistence of high concentrations of MTBE 
and TBA at the source of contamination, whilst concentrations at the adjacent primary school 
dropped to below detection limits as a result of rapid natural attenuation.  It was found that an 
overall decrease in MTBE concentrations was met with an increase in TBA concentrations; 
which is a direct indication of MTBE degradation.  Despite the fact that problematic MTBE 
concentrations persist at the source of contamination, limited evidence of the persistence of 
MTBE contamination was identified at the adjacent primary school.  As such, MTBE health 
risks from existing pathways were found to be irrelevant for receptors at the adjacent school.  
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CHAPTER ONE 
 
INTRODUCTION 
 
The increase in industrial production coupled with the advances in technology has increased 
the risk to the environment in recent decades.  Environmental contamination is a phenomenon 
that hinders the healthy existence of society as we know it.  Many health and safety 
regulations have been implemented by organizations such as the Unites States Environmental 
Protection Agency (US EPA) and the World Health Organization (WHO).  However, this has 
not prevented the occurrence of incidents that result in great environmental concern. 
 
In South Africa, regulations under the National Water Act of 1998 ensure that water 
resources are protected, used, developed, conserved, managed and controlled in a sustainable 
and equitable manner (Adelana and MacDonald, 2008).  In communities where aquifers play 
the role of the sole water resource, these aquifers are afforded a special status and maximum 
protection.   
 
Environmental contamination is an important concept for an environmental analyst.  The 
process of approaching an environmental problem consists of a number of phases that are 
multidisciplinary.  The initial stage is the assessment of the extent of the problem and the 
possible consequences to the environmental and social surroundings.  This is followed by a 
monitoring phase which can eventually lead to remediation activities and ultimately to a 
complete cleanup process.   
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1.1 Groundwater  
 
The term groundwater refers to the subsurface water that occurs in the saturated zone.  Storm 
runoff and soil moisture are found in the near-surface proximity and this is known as the 
unsaturated (vadose) zone.  In the saturated zone, the upper surface of the water is known as 
the water table.   
 
An aquifer can be defined as a reservoir for groundwater accumulation.  The rate of 
groundwater flow as well as the yield potential of an aquifer is largely dependant on the 
geological makeup of that particular region.  A typical high yield aquifer has saturated high 
permeability layers of rock, sand and gravel that allow the provision of significant amounts 
water (Wright and Conrad, 1995). 
 
In the past, the relatively uncontaminated nature of groundwater has resulted in it being 
widely used as a resource.  However, groundwater is extremely vulnerable to contamination.  
Recently, the focus of groundwater studies has shifted from resource availability towards 
environmental monitoring.  Studies can now not only offer solutions to certain environmental 
problems but can also be used as an important parameter in the process of contamination 
monitoring (Xu and Usher, 2006).   
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1.2 Groundwater Contamination 
 
In the early years, groundwater contamination was not much of a concern.  But with the 
increase in industrial production and the growth in population, the concern has mounted.  
Contamination is a process whereby the concentration of a contaminant is elevated above its 
natural concentration.  The danger in groundwater contamination lies in the fact that 
groundwater contaminated with non-degradable or poorly degradable contaminants may 
travel to areas where the threat was previously unknown (Parsons and Taljard, 2000).  This 
may result in exposures which can have serious health implications.  The fact that not all 
contaminants are easily noticeable by colour, odour or taste complicates the situation even 
further.  The sources of contamination can be grouped into two: 
 
1.2.1 Point Sources 
 
Point source contamination occurs from an identifiable source and may be tracked to a single 
point.  In these cases, the contaminants will have the highest concentration closest to the 
source.  Examples of this include effluent recharge from industrial plants, sewage spills, 
releases from underground storage tanks (USTs) and pipes as well as spills that occur during 
the transportation of chemicals (Deeb et al., 2003; Holt, 2000).   
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1.2.2 Non-point Sources 
 
This type of contamination is not easily traceable to a specific event or point.  Non-point 
source contamination is usually spread over a large area and is mainly brought about by the 
water picking up contaminants as it travels.  Contaminants can originate from exhaust 
emissions, rainfall, storm water runoff, atmospheric transport and commonly from 
agricultural practices (Lince et al., 1998).  
 
1.3 Contaminants of Concern 
 
A contamination plume is an area of contaminated groundwater within an aquifer.  The 
plume contains contaminants with the highest concentrations being found closest to the 
source of contamination.  A plume will contain contaminants that are specific to the type or 
industry where the contamination occurred.   
 
Common groundwater contaminants include fuel constituents, organic chemicals, heavy 
metals and nutrients (Holt, 2000).  These contaminants, when present at high concentrations 
can pose a serious risk to humans and animals.  As a result, the main hazardous contaminants 
that pose a great risk to the environment are known as contaminants of concern.  These are 
then studied and monitored over a period of time to delineate the plume and evaluate the 
extent of the contamination (Parsons and Taljard, 2000).  
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1.4 Transport and fate of contaminants  
 
There are a number of factors that affect the fate and transport of groundwater contaminants.  
Some of these include the physical, chemical and biological properties of the contaminants as 
well as the hydrogeological and geochemical conditions of the aquifer and the contaminated 
site.    
 
The chemical degradation of contaminants can be largely affected by the aerobic or anaerobic 
properties of the aquifer and surroundings of the contamination plume.  Contaminants have 
been shown to degrade both aerobically and anaerobically (Deeb et al., 2003; Finneran and 
Lovley, 2001; ITRC, 2005).  However, degradation of this nature is entirely site specific and 
all other factors pertaining to the nature of the plume and aquifer should be taken into 
consideration. 
 
1.5 Groundwater Analysis 
 
In order to successfully evaluate the extent of a contamination plume, a number of analytical 
procedures should be carried out.  It is of vital importance to analyze the main hazardous 
contaminants within a plume as well as any other contaminants that could affect the 
concentrations of the main hazardous contaminants directly or indirectly.  In the same way 
that contaminants at a specific site depend on the nature of the contamination source, 
similarly does the selected method of analysis depend largely on both the physical and 
chemical properties of contaminants to be analysed.  
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There are many analytical test kits available for analytes such as nitrate, nitrite, chloride, 
chlorine, sulphate etc.  Field parameters such as pH, conductivity, Total Dissolved Solids 
(TDS) and temperature, are easily determined using electrochemical field equipment.  
 
In the water industry, there are many standard methods that have been adopted for the 
analysis of common contaminants such as metals and some inorganic compounds.  However, 
for other contaminants, highly specialized techniques are unavoidable (US EPA, April 2003). 
Benzene, toluene, ethyl benzene and xylene (BTEX) are amongst the most commonly 
analysed organic compounds for the delineation of fuel related contamination plumes.  
However, due to the complex and sometimes volatile nature of these and other organic 
compounds, specialised methods such as gas chromatography are adopted.   
 
Samples are collected, preserved and stored according to the nature and requirements of 
particular analytes.  Variations in the sample collection procedure, sampling container, 
storing temperature and holding time is essential for the effective and accurate determination 
of specific analyte concentrations (Lin et al., 2003; Kovacs and Kampbell, 1999). 
 
1.6 Environmental Standards  
 
An environmental standard is a term referred to the maximum concentration at which a 
contaminant may persist in the environment above which foreseeable harmful effects may be 
evident.  Table 1.1 displays a number of contaminants commonly found in groundwater (US 
EPA, 2003).   The Maximum Contaminant Level (MCL) refers to the highest level of the 
contaminant allowed in drinking water.  As seen below and as is the case with most 
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contaminants, exposure above the MCL would undoubtedly pose a great risk to human 
health. 
 
The US EPA water quality standards are universal standards that are extensively used and 
implemented globally in the assessment of environmental contamination.  Standards are 
implemented and enforced and legal action may be taken against parties who do not abide by 
these standards.  In South Africa, these standards are enforced by the Department of Water 
and Environmental Affairs (Adelana and MacDonald, 2008). 
Table 1.1:  EPA drinking water quality standards for some contaminants  
Contaminant 
MCL 
(ppm) 
Potential Health Effects 
Chlorine (measured as 
Cl2) 
4.0 Eye, nose irritation ; Stomach discomfort 
Fluoride 4.0 Bone disease 
Nitrate (measured as 
Nitrogen) 
10 
Nitrite (measured as 
Nitrogen) 
1 
Shortness of breath and blue-baby syndrome 
in children.  If children under the age of six 
are exposed to an excess of the MCL and 
remain untreated, it may cause death. 
Benzene 0.005 
Anaemia, decrease in blood platelets and 
increased risk of cancer. 
Xylenes (total) 10 Nervous system damage 
Toluene 1 Nervous system, kidneys or liver problems 
Ethyl Benzene 0.7 Liver or kidney problems 
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There are two types of standards: 
 
Quality Standards - These refer to the concentration that the contaminant may exist in the 
environment.  Above these levels, the contaminant will negatively affect the quality of the 
environment in an uncontaminated area. 
 
Emission Standards - Emission standards are the maximum contaminant levels that an 
industry is allowed to emit or discharge into the environment from a particular source.  Point 
source contamination occurs as a direct result of negligence with regard to these standards. 
 
1.7 Groundwater remediation strategies   
 
Once the extent of the contamination has been thoroughly assessed and evaluated, wherever 
necessary, a remediation strategy is implemented in order to eliminate the risk posed to the 
environment (Barreto et al., 1995; Deeb et al., 2003; US EPA, 1998).  This remediation phase 
of the process is primarily technical and while it is often the fastest solution to the problem, it 
is an extremely costly procedure. 
 
In the following section, remediation strategies and technologies will be discussed in slightly 
more detail.  It is once again vital to mention that the strategy to be adopted at a particular site 
should be adjusted to the nature and properties of the contaminants that are present (Rosell et 
al., 2006). 
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1.8 The need for the study 
 
Groundwater research is a vast and growing field.  The analysis of groundwater contaminants 
that require highly specialized techniques are extremely costly.  Even though standard 
methods are available, there is a need for the development of analytical methods that are 
simple and less costly.  Amongst the recommended standard methods for the analysis of fuel 
oxygenates are the US EPA methods 8260 and 8015.  These methods make use of Mass 
Spectrometry and Flame Ionization Detection respectively and can be adapted to various 
sample preparation techniques.  Some of these include static headspace, vacuum distillation, 
solvent extraction and purge and trap. Despite the success of these methods in analyzing a 
whole range of oxygenates, it was not reported to simultaneously analyze MTBE and TBA in 
a single run (White et al., 2002). 
 
There is also a need for interdisciplinary studies on groundwater contamination.  This is due 
to the fact that it is fairly difficult to obtain a complete picture of all the factors affecting 
groundwater without input from other specialized fields (Parsons and Taljard, 2000; Schmidt 
et al., 2004; Zhang et al., 2007). 
 
Many studies carried out with regard to groundwater contamination, particularly from fuel 
leaks, are laboratory based examinations of the system in microcosm (Finneran and Lovley, 
2001; Schirmer et al., 2003).  There is a need for more case studies to be performed in order 
to obtain a broader view of the relationship between naturally occurring compounds and 
contaminants and how they affect one another in the environment.  
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1.9 Motivation and Aims of the Project 
 
1.9.1 Motivation 
 
The method to be developed in this project is direct aqueous injection onto gas 
chromatography with flame ionization detection (DAI-GC/FID).  Apart from being simple 
and cost effective, this particular direct aqueous injection technique was chosen since it is 
amongst the recommended analytical methods for point source contamination of groundwater 
(Schmidt, 2003).  This method will be applied in the assessment of a site where a fuel leak 
had occurred, which is a classical case of point source contamination.   
 
The method focuses specifically on the analysis of Methyl Tertiary Butyl Ether (MTBE) and 
Tertiary Butyl Alcohol (TBA).  Incidences of MTBE contamination of groundwater resources 
are widely documented due to the extensive use of MTBE as an octane enhancer in fuel.  
MTBE is extremely mobile in groundwater and thus the best indicator for determining the 
extent of fuel related contamination.  The decision to analyze for TBA as opposed to other 
oxygenates is motivated by the fact that TBA is the main transformation product of MTBE 
and variation in its concentration over time would give an indication of MTBE degradation.  
Other oxygenate compounds are usually short lived and do not tend to accumulate (ITRC, 
2005).   
Due to the highly specialized nature of this analysis, few laboratories in the South Africa 
were found to carry out simultaneous MTBE and TBA analysis.  Wherever found, laboratory 
costs reach a steep price of R1000 per sample on average. 
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Fuel related contamination is largely site specific with the primary receptors being human, 
animal or plant life.  The volatile nature and high odour threshold of many fuel contaminants 
increase the social concerns associated with fuel leak contamination.  As such, site specific 
studies are crucial for the identification and subsequent elimination of health risks posed by 
fuel related contamination. 
 
The potential carcinogenic nature of MTBE and TBA is of a major concern when MTBE 
related contamination at a site comes directly into contact with human life.  In instances like 
these, it is important to establish and monitor the levels of MTBE and other hazardous 
compounds in order to eliminate any possible risk to human health.  In cases where MTBE 
was not used, lead compounds are likely to have been used to promote cleaner burning of the 
fuel.  Thus, the levels of lead present in a fuel contamination plume are also of great concern 
due to the highly poisonous nature of lead.   
 
1.9.2 Aims 
 
• To develop and test an efficient and simple method for MTBE and TBA analysis 
utilizing the resources available at UWC.  
• To provide guidelines for the use of the analytical method including its limitations. 
• To assess issues related to the storage and preservation of samples used in the 
analytical method developed.  
• To apply the method in a site specific study where MTBE contamination was evident 
from historical data and to establish the relationship between MTBE and TBA 
concentrations and the extent of the contamination. 
• To assess the level of hazard to human health in the environment of the specific site. 
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CHAPTER TWO   
LITERATURE REVIEW 
 
GROUNDWATER CONTAMINATION FROM FUEL LEAKS 
 
The fuel industry has undergone a transition in the late 1970’s when the Clean Air Act 
mandated the phasing out of tetra-alkyl lead.  This was followed by the replacement of lead 
with fuel oxygenates that acted as octane enhancers and promoted the cleaner combustion of 
fuel.  The use of oxygenates in fuel increased significantly up to 15 percent following the 
Clean Air Act Amendment (CAAA) in 1990.   
 
In order to meet the requirements of the CAAA, the United States Environmental Protection 
Agency (US EPA) initiated what was known as the Oxyfuel Program in 1992.  This program 
required the use of 2.7 percent oxygen by weight during winter months to control carbon 
monoxide emissions.  This was followed by the Reformulated Gasoline Program in 1995 
which required the use of 2 percent oxygen throughout the year in ozone nonattainment areas 
(Deeb et al., 2003). 
 
The addition of fuel oxygenates contributed significantly towards a reduction in carbon 
monoxide emissions.  However, another problem persisted and that was the documentation of 
events that resulted in the contamination of groundwater resources with fuel components.  
The main of which was an oxygenate known as Methyl Tertiary Butyl Ether (MTBE). 
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2.1 Leaking Underground Storage Tanks  
 
Underground Storage Tanks (UST’s) are present at all fuel stations as a storage container for 
fuel.  At many service stations, these tanks are either not serviced regularly or are not durable 
enough to withstand damage.  UST’s are a direct source of contamination to groundwater as 
leaks occur either from the UST itself or from pipes connected to the tanks.  The leaking tank 
causes contamination of the soil and groundwater in the vicinity of the leak posing a 
significant risk to the environment.  
 
 
Figure 2.1:  Leaking Underground Storage Tank (UST) with contamination plume 
 
The leaking fuel contains a number of components that migrate through the subsurface at 
rates that are directly related to its physical and chemical properties.  All dissolved fuel 
components that travel through the subsurface are referred to as the dissolved phase/plume.  
Figure 2.1 is an illustration of a typical subsurface contamination plume resulting from a 
leaking UST.  
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Common contaminants of concern when studying fuel leaks are the Benzene, Toluene, Ethyl 
benzene and Xylene (BTEX).  Others include, Total Petroleum Hydrocarbons (TPH) and 
various fuel oxygenates.  In this study, the focus will be placed on two of these oxygenates.  
 
2.2 Fuel Oxygenates  
 
Fuel oxygenates are oxygen-containing compounds used as gasoline additives to boost the 
octane levels of fuel and promote cleaner-burning fuel.  These make up two main groups 
namely, ethers and alcohols.  Ethers being characterized as two hydrocarbon groups linked by 
an oxygen atom and alcohols being a hydroxyl group linked to an alkyl group (US EPA, 
2004). 
Table 2.1:  Historical fuel oxygenates (ITRC, 2005) 
 
 
Methyl ethers Propyl ethers 
• MTBE (methyl tertiary butyl ether) • DIPE (diisopropyl ether) 
• TAME (tertiary amyl methyl ether)  
• DME (dimethyl ether) Alcohol oxygenates 
 • TBA (tertiary butyl alcohol) 
Ethyl ethers • EtOH (ethanol) 
• ETBE (ethyl tertiary butyl ether) • MeOH (methanol) 
• TAEE (tertiary amyl ethyl ether) • TAA (tertiary amyl alcohol) 
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Table 2.1 above lists common oxygenates that are either used in the production of fuel or 
found in association with fuel oxygenates.  These are frequently detected at fuel leak and spill 
sites.  Despite this, it is not a requirement to analyze for all these oxygenates when assessing 
a fuel leak site. 
 
Oxygenates are the most common components that are detected at fuel leak sites.  The special 
emphasis on these components is brought about by the fact that fuel oxygenates are the most 
mobile in groundwater systems (ITRC, 2005).  This means that oxygenates would more 
likely be at the fore front of a contamination plume, hence giving a good indication of the 
delineation of the plume.  The only two oxygenates that will be focused on in this study, are 
MTBE and TBA. 
 
2.3 MTBE and TBA  
 
MTBE is the chief oxygenate added to fuel as an octane enhancer since the phasing out of 
alkyl lead compounds.  This was added in an attempt to reduce the occurrence of lead 
contamination and it is used in more than 80 percent of oxygenated fuels (USGS, 2007).   
 
The higher content of MTBE in reformulated gasoline compared with Benzene and the higher 
solubility of MTBE makes MTBE the primary focus of any petroleum release (ITRC, 2005). 
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Figure 2.2:  Molecular structures of MTBE and TBA 
 
Unlike MTBE, Tertiary Butyl Alcohol (TBA) is less extensively blended with gasoline as a 
fuel oxygenate but it is often detected in association with MTBE oxygenated fuel leaks.  TBA 
exists in the environment from three possible sources:  In the first instance, TBA is directly 
added to fuel as an oxygenate or octane booster (ITRC, 2005).  Secondly, commercial MTBE 
may contain small concentrations of TBA as an impurity.  Lastly, TBA may be present as an 
intermediate degradation product of MTBE (Schmidt et al., 2004).   
 
Under favourable conditions, MTBE degrades readily to form TBA.  Other products such as 
Tertiary Butyl Formate (TBF) and 2-Hydroxy Isobutyrate (HIBA) are also produced but TBA 
is the key degradation product.  As seen is Figure 2.3, there are two distinct pathways that 
result in the formation of TBA (Carver and Brown, 2006).  The almost definite detection of 
TBA at all MTBE sites complicates the remediation process to a certain extent.     
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Figure 2.3:  Potential MTBE Oxidation Pathways (Carver and Brown, 2006) 
 
Studies were carried out to determine the in-situ Chemical Oxidation (ISCO) ability of 
MTBE in the presence of various reagents.  This is a useful tool for the remediation of MTBE 
contaminated groundwater.  The results were obscured by the consequent production of TBA 
in many of these studies.   
 
One such study used Fenton’s reagent, permanganate, ozone, unactivated persulphate and 
activated persulphate.  From all of the above reagents, the activated persulphate was the only 
reagent that produced virtually no TBA (Carver and Brown, 2006). 
Although the chemical and physical properties (Table 2.2) of MTBE and TBA vary, the 
accumulation and persistence of TBA at a contaminated site imposes a serious problem.  
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Table 2.2:  MTBE and TBA Physical and Chemical Properties (US EPA, 2004; ITRC, 
2005) 
 
The main properties that influence the fate and transport processes of contaminants in the 
subsurface are vapour pressure, solubility, Henry’s law constant, sorption and 
biodegradability. 
 
2.3.1 Henry’s law constant 
 
Henry’s law constant is a measure of the ability of a component to partition between water 
and air and vice versa (ITRC, 2005).  Solubility is a measure of the degree that a component 
dissolves in water while vapour pressure is a measure of the tendency of a component to 
Property MTBE TBA 
Molecular Formula C5H12O C4H9OH 
Molecular Weight (g/mol) 88.15 74.12 
Melting Point (ºC) -109 25.5 
Boiling Point (ºC) 55.2 82.2 
Density (g/L @ 25 ºC) 0.741 0.786 
Vapour Pressure (mm Hg @ 25 ºC) 245-256 40-42 
Water Solubility (mg/l) 51,000 Miscible 
Henry’s Law Constant (Cair/Cwater @ 25ºC) 1.226e-1 - 2.399e-2 4.251e-4 - 5.927e-4 
Log Koc (Coc/Cwater @ 25 ºC) 1.035-1.091 1.57 
Octane number 110 100 
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partition into the air.  These two coupled together, make up the basic notion of Henry’s law 
constant.  
 
Henry’s law constant is expressed as Cair/Cwater.  This would indicate that components with 
high values would display a greater affinity to volatilize and hence less solubility.   
TBA is significantly more soluble than MTBE and less volatile.  This implies that TBA will 
not respond as well as MTBE to treatment techniques that require phase transfer to the air. 
 
2.3.2 Sorption 
 
The sorption ability (Koc) of a component is the tendency of soluble compounds to partition 
to solids which results in the loss of solutes from the aqueous phase (ITRC, 2005).  Sorption 
is expressed as Coc/Cwater, hence lower Koc values would signify higher mobility of 
components in the aqueous phase. 
 
2.3.3 Biodegradation 
 
MTBE and TBA are known to degrade both aerobically and anaerobically (Carver and 
Brown, 2006; Schmidt et al., 2004; Thomson, 2001).  Wilson et al. (2005) carried out 
microcosm studies jointly with field scale analysis.  It was found that the aquifer harboured 
organisms that were capable of degrading MTBE anaerobically.  Schirmer et al. (2003) 
conducted a study on the aerobic Borden aquifer.  Their results showed that 3 microcosms 
degraded MTBE to below detection levels.  The failure to detect TBA in the field lead to the 
conclusion that TBA degraded more readily than MTBE under Borden conditions. 
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Finnerman and Lovley (2001) proved with isotopic studies that under the appropriate 
conditions, MTBE and TBA can be degraded in the absence of oxygen.  Their studies also 
showed that 250-300 days were required for the rapid anaerobic degradation of MTBE whilst 
TBA was metabolized without a lag.  The US EPA (2005) document outlined a pathway for 
the degradation of MTBE under aerobic conditions.   
 
2.4 Fate and Transport of MTBE and TBA in the subsurface 
 
The role of the abovementioned parameters gives an indication of the possible fate of MTBE 
and TBA components in groundwater systems.  Taking into consideration the varying 
geochemical and hydrological conditions at fuel leak sites, the site specificity of these 
pathways are once more evident. 
 
2.4.1 The Vadose Zone 
 
The migration of fuel constituents occurs by the continuous interaction between the soil 
moisture and soil vapour in the vadose zone.  This allows for the exchange of volatile 
constituents between the air and water phase.  Components like MTBE and TBA with low 
Henry’s constants will partition into the water phase in areas where the soil moisture is high 
(ITRC, 2005). 
 
MTBE and TBA display weaker sorption abilities when compared to the BTEX compounds.  
Therefore, MTBE and TBA are more likely to infiltrate the soil at the rate of the infiltration 
water while the motion of BTEX compounds may be retarded by their higher sorption. 
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The lower sorption and higher solubilities of MTBE and TBA allow it to be most mobile 
when compared to BTEX and other oxygenates.  As a result, they are found at the leading 
front of a contamination plume.  At this position and along the periphery of the plume, they 
are more exposed to oxygen in the system and therefore aerobic degradation takes place.  
This leaves a path of oxygen-depletion and as a consequence, the aerobic degradation 
processes of less mobile compounds become slower.  
 
2.4.2 The Saturated Zone 
 
Dilution, dispersion, biodegradation and sorption are amongst the major processes that occur 
in the saturated zone.  Once MTBE and TBA reach the water table, their low sorption 
property causes them to move at nearly the same rate of the groundwater flow.  The rate of 
groundwater flow ranges from 1 meter per day to a few meters per year (ITRC, 2005).  
However, extensive extraction from wells within the plume may increase this rate. 
 
Dispersion and dilution are effective processes of attenuation.  Substantial dilution of fuel 
constituents may occur during high rainfall seasons.  The dispersion and mixing of 
contaminated water with unaffected water have the similar affect as that of dilution.  
Recharge along a plume path or the extraction of lower water levels may result in a diving or 
sinking plume.  This causes an accumulation of unaffected water above the plume or may 
cause a plume to migrate faster. 
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2.5 MTBE and TBA Standards and Regulations 
 
The impacts on potable uses of groundwater are regulated by the Safe Drinking Water Act 
(SDWA), which was passed in 1974.  This granted the US EPA specifically the authority to 
set drinking water standards (ITRC, 2005).  Due to the high odour and taste threshold of 
MTBE, the US EPA set a drinking water advisory level of 20-40 parts per billion (ppb or 
µg/l) (US EPA, 2004).  The World Health Organization (WHO) did not establish a health-
based guideline value for MTBE because if any such value was based on adverse health 
effects, it would be significantly higher than the concentration at which it would be detected 
by odour (Rosell et al., 2006). 
 
Unlike MTBE, the US EPA has not set a drinking standard for TBA.  Amongst the reasons is 
that TBA is not part of the US EPA Contaminant Candidate List (CCL).  This list contains a 
number of chemicals that require additional occurrence data and research.  A Maximum 
Contaminant Level (MCL) for TBA is likely to be set in the next few years.  Many states in 
the US have established remediation requirements for TBA.  Remedial objectives range from 
12 ppb to 3,900 ppb (ITRC, 2005). 
 
In 1997, the US EPA classified MTBE to be a potential human carcinogen (Zhang et al., 
2007).  MTBE health risks can range from nausea to kidney and liver damage and even 
cancer (GAO, 2002).  However, the specific human carcinogenic ability of MTBE is still 
unclear.  Table 2.3 below outlines the MTBE and TBA standards and regulations as 
implemented by the US EPA. 
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Table 2.3:  MTBE and TBA standards and regulations (US EPA, 2004) 
 MTBE TBA 
Lowest cleanup level (ppb) 13 12  
Highest cleanup level (ppb) 202,000 11,000 
Drinking water standard (ppb) 20-40(a) 12(b) 
Action level (ppb) 20 25 
Taste threshold in water (ppm) 20-40 N/A 
Odour threshold in water (ppm) 0.053 21 
Threshold limit value (ppm) 50 (c) 100(c) 
 
(a) In 1997, the US EPA proposed a drinking water advisory safety level based on odour and taste. 
(b) California drinking water action level for TBA (Schmidt et al., 2004). 
(c) MTBE and TBA Material Safety Data Sheet (MSDS). 
 
An incident was identified at a school in Indiana where children had been using and drinking 
water containing MTBE nearly 10 times the EPA recommended safe level.  The investigation 
was ongoing to discover whether the MTBE originated from a nearby tank resulting in the 
children’s nosebleeds and other reported health problems (GAO, 2002). 
 
Animal studies carried out on the toxicity of TBA have yielded definite results proving the 
carcinogenic effects of TBA (API, 2005).  In 1995, the National Toxicology Program (NTP) 
conducted a two year drinking water bioassay with TBA in male and female rats and mice.  
The NTP concluded that there was evidence of carcinogenic activity in male rats as well as 
male and female mice (API, 2005).    
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2.6 Lead Contamination  
 
Lead analysis is another important parameter in the assessment of fuel leaks.  Even though 
lead compounds were phased out in the United States in the 1970’s, not all countries effected 
this change.  South Africa has always banned the use of MTBE in its fuel and has made use 
of leaded fuel until around early 2000.  Despite this, during fuel shortages, MTBE-containing 
fuel was still imported.  As a result, one cannot rule out the possibility of either MTBE or 
lead contamination at fuel leak sites in South Africa. 
 
Lead is added to fuel in the form of alkyl lead.  Typically, a combination of tetramethyl- and 
tetraethyllead is used.  During combustion, most of this is converted to inorganic lead.  A 
small amount may be emitted in organometallic form but eventually degrades to inorganic 
lead following this reaction, where R is an alkyl group (Radojevic and Bashkin, 1999):  
 
R4Pb → R3Pb+ →R2Pb2+ → Pb2+           
 
Inorganic lead is known to be extremely toxic and a possible carcinogen.  Exposure to lead          
may cause damage to the nervous system and the kidneys.  Lead drinking water standards 
were established by the WHO at 0.01 ppm and the US EPA at 0.015 ppm (Radojevic and 
Bashkin, 1999).  
 
The analysis of heavy metals such as lead is frequently carried out using an Atomic 
Absorption Spectrometer (AAS).  The sample is introduced into a furnace in more advanced 
machines and the response is determined as a unit of absorbance.  
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2.7 MTBE and TBA Sample preservation 
 
The correct preservation and storage of samples are critical aspects in ensuring efficient 
analysis and accurate results.  A general rule of thumb when sampling for volatile compounds 
is to take special precaution in collecting samples with zero headspace and in the appropriate 
containers.  The suggested holding time for MTBE samples is 14 days.  This is provided that 
the sample is kept refrigerated and correctly preserved with no headspace.   
 
MTBE is not only extremely volatile but is commonly known to undergo ether hydrolysis to 
form TBA under certain conditions.  This occurs particularly when samples are subjected to a 
heated purge prior to analysis.  The continuous conversion between MTBE to TBA under 
unpreserved conditions complicates the process of simultaneous analysis of MTBE and TBA. 
 
Under normal environmental conditions ethers do not undergo hydrolysis at significant rates 
without enzyme catalysis (White et al., 2002).  However, Wade (1998) collected evidence of 
decreasing MTBE concentrations in acidified samples collected over a two-year period.  He 
explained his findings as acid-catalyzed hydrolysis of MTBE during storage.   
 
The US EPA has amended its method for MTBE sample preservation.  The acid preservation 
method is now substituted with the use of a salt of a weak acid, known as Trisodium 
Phosphate dodecahydrate (TSP).  This is effective since ethers are not subject to base-
catalyzed hydrolysis and a basic pH has no adverse effect on alcohol oxygenates (White et 
al., 2002).  Table 2.4 compares the effect of low pH (HCl preserved) and high pH (TSP 
preserved) on the extent of hydrolysis of MTBE at 80 ºC. 
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Table 2.4: Effect of pH on the extent of MTBE hydrolysis at 80 ºC (White et al., 2002) 
 
 
Some sample preservation procedures make use of either refrigeration or preservation with a 
chemical.  It is extremely important to note that when sampling groundwater from fuel leaks, 
both preservation methods be used.  This is due to the reason that groundwater samples from 
these wells invariably contain micro organisms that are capable of degrading fuel constituents 
rapidly in the presence of oxygen.  As a result, MTBE and TBA can be degraded completely 
within two weeks of storage (White et al., 2002).  Douthit et al. (2002) carried out a study on 
the effect of acid hydrolysis on MTBE.  Their results showed that acid hydrolysis was not 
evident in acidified samples, provided that they are correctly handled. 
 
Samples are preserved with 1% trisodium phosphate (TSP) (Wilson et al., 2005).  Kovacs and 
Kampbell (1999) used a convenient procedure of adding 0.4-0.44 g of TSP to the every 40 ml 
vial prior to sampling.  Together with this, samples are kept below 4 ºC and analyzed as soon 
as possible.   
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2.8 Environmental Analysis  
 
Environmental analysis can be grouped into two:  Qualitative and quantitative analysis.  
Quantitative analysis is the process of determining the concentrations of particular analytes 
while qualitative is the determination of the type and nature of the analytes in a sample.  
MTBE and TBA analysis are quantitative since the aim would be to determine the exact 
concentration of these constituents in groundwater. 
 
Analytical methods include classical methods such as titrimetry and gravimetry.  Most 
laboratories make use of spectroscopic methods such as Infrared (IR), UV Visible (UV/Vis), 
Atomic Emission (AES) and Atomic Absorption Spectroscopy (AAS).  Each one of these 
instruments have specialized applications that focus on specific types of analytes.  The more 
advanced analytical laboratories frequently make use of instrumentation such as Inductively 
Coupled Plasma (ICP) for metal analysis, Nuclear Magnetic Resonance spectroscopy (NMR) 
and Fourier Transform Infrared spectroscopy (FTIR). 
 
Chromatographic methods are amongst the most widely used in environmental analysis.  
These include Ion Chromatography (IC), High Performance Liquid Chromatography (HPLC) 
and most commonly, Gas Chromatography (GC).  Gas Chromatography is the ideal method 
used for the analysis of MTBE, TBA and petroleum hydrocarbons. 
 
There are three basic steps that make up the process of environmental analysis.  The first is 
the sampling process which also includes the preservation and storage as mentioned above.  
The second step is sample treatment, for example, filtration, extraction, concentration etc.  
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The final and step is the actual process of analysis which constitutes standardization and 
calibration and the complete validation of the method.    
 
2.8.1 Method Validation 
 
The process of method validation is the fundamental part in the development of an analytical 
technique.  It includes standardization, calibration and establishing the detection limit and 
sensitivity of a method.  Some of these steps are outlined below: 
 
2.8.1.1 Selectivity 
 
Selectivity is the ability of a method to identify a specific analyte accurately in the presence 
of other analytes.  This step involves the accurate identification and verification of a signal 
associated with the analyte of concern.  In the technique of gas chromatography, this could 
include the identification of the specific retention time of an analyte and the response 
obtained from a standard concentration. 
 
2.8.1.2 Detection Limit  
 
Once the retention time of an analyte is verified, a series of standards are analysed to 
determine the lowest or smallest concentration that can be detected by the method or 
distinguished from a blank.   
The detection limit (DL) of a method can also be determined using the following expression 
(Radojevic and Bashkin, 1999): 
DL = 3 x standard deviation of the baseline noise/sensitivity 
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From this expression, it is clear that the detection limit of a method is inversely proportional 
to the sensitivity.  When dealing with trace level concentrations, the detection limit can be 
easily influenced by the random and systematic errors that inevitably take place when 
performing environmental analysis. 
 
2.8.1.3 Calibration and Linearity 
 
Once the exact retention times and detection limits have been determined, the next step is 
calibration.  A series of standards are prepared within the expected concentration range and 
analyzed.  The concentration of the standard is programmed into the software and plotted 
against the response.   
 
The linear calibration graph obtained represents the proportionality relationship between the 
x and y axis i.e. concentration vs response.  This means that a higher concentration standard 
should be coupled with an increase in response.  Therefore a perfect calibration graph is a 
straight line with the intersection points as close to the line as possible.   
 
The linearity of the graph or the relationship between the two variables is represented by a 
correlation coefficient (r).  Where r varies between -1 and 1.  An r value of zero indicates no 
relationship while values closer to -1 indicate an inverse relationship.  A correlation 
coefficient of 1 is ideal and this means that as x increases, y increases.  Once a satisfactory 
calibration curve or linearity is achieved, environmental samples are then analyzed in the 
same way and the concentration determined by interpolation.   
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2.8.1.4 Accuracy and Precision 
 
The accuracy of a method is an indication of the conformity of the measured value to the true 
value.  This can be determined by analyzing standard reference material of which the 
concentration is predetermined by an external laboratory or standard manufacturer.   
 
The precision of a method is the closeness of different measurements carried out in the same 
way.  This can be determined by analyzing samples in replicates and the greater degree of 
scatter, the lower the precision (Radojevic and Bashkin, 1999). 
 
2.8.1.5 Standard Addition 
 
This technique is used in situations where interferences from matrix elements are evident or 
where the sample analyzed is below the detection limit.  Samples are spiked with known 
concentrations of analyte and the response obtained from the instrument is plotted against 
concentration.  The difference between the concentration reported by the instrument and that 
which was used to spike the sample, is an indication of the concentration initially present in 
the sample.   
 
2.8.2 MTBE and TBA analysis 
 
The varying properties of MTBE and TBA make it rather challenging to find a wide range of 
methods that simultaneously cater for the analysis of both analytes and achieve low detection 
limits.  One of the reasons for the lack of attention paid to TBA contaminations is the difficult 
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analysis of this analyte at trace levels (Schmidt et al., 2004).  MTBE and TBA are exclusively 
analyzed with Gas Chromatography (GC) coupled to various detectors.  The most common 
detector being Mass Spectrometry (MS) due to the highly selective and sensitive 
requirements (Schmidt, 2003). 
 
The GC method is always combined with an enrichment or pre-treatment technique, each 
with its own advantages and disadvantages.  Some of these include Direct Aqueous Injection 
(DAI), purge and trap (P &T), headspace (HS) and solid phase microextraction (SPME).  
This study involves the development of a Direct Aqueous Injection Gas Chromatography 
method with Flame Ionization Detection (FID), DAI-GC/FID.   
 
An SPME-GC/MS method achieved trace level detection limits for MTBE and TBA at 0.008 
ppb and 1.8 ppb respectively (Cassada et al., 2000).  The method made use of a 
divinylbenzene/Carboxen/poly(dimethylsiloxane) (PDMS) SPME fiber, a sodium chloride 
concentration of 25% and an extraction time of 25 minutes.  Achten and Puttmann (2000) 
performed a study on surface water using a PDMS/Carboxen black fiber at a sample 
temperature of 18-19 ºC and a sodium chloride concentration of 25%.  The extraction time 
however, was 60 minutes and this method reached a higher detection limit of 0.010 ppb for 
MTBE.  In this study, TBA was not analyzed. 
 
Lacorte et al. (2000) implemented a static headspace method (HS-GC/FID) for the analysis of 
MTBE.  Using an FID detector and an injection volume of 1 ml, they achieved a detection 
limit of 5.7 ppb.  In 2003, Lin et al. performed Heated Static Headspace GC/MS on both 
MTBE and TBA.  The achieved detection limits for MTBE and TBA were 0.21 ppb and 0.79 
ppb respectively.      
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The Purge and Trap method is widely used in the analysis of a wide range of ether and 
alcohol oxygenates.  USGS (1995) developed a P&T method with GC/MS using a DB-624 
capillary column.  The achieved detection limit was 0.06 ppb for MTBE.  A later method by 
the USGS (1998) using an Rtx-624 capillary column reported long-term method detection 
limits for MTBE, TAME, DIPE and ETBE by P&T GC/MS ranging from 0.015 to 0.083 ppb.  
In 2003, an automated purge and trap method coupled to a GC/MS was developed for the 
detection of MTBE.  This method yielded a detection limit of 0.01 ppb for MTBE (Rosell et 
al., 2003).   
 
2.8.2.1 Direct Aqueous Injection  
 
Direct Aqueous Injection (DAI) is a technique that has been increasingly used in recent years.  
This technique allows the injection of a sample directly onto a GC column with no pre-
treatment except filtration where needed or dilution of concentrated samples.  The lack of 
these pre-treatment steps makes it attractive because such steps are time consuming and 
artefact-prone (Schmidt, 2003). 
 
A special advantage of this technique can be attributed to the fact that it effectively allows the 
simultaneous analysis of ethers and alcohols (Jochmann and Schmidt, 2007). Other 
advantages include (Schmidt et al., 2001):  
• Simplicity and speed. 
•  Essentially no sample handling required thus minimizing the chance of analyte loss. 
• Cost effectiveness. 
• Low sample volumes of 50 µl or less needed. 
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A major disadvantage of this technique is in its combination with GC-mass spectrometry.  
This is particularly difficult due to the high amount of vapour generated upon the use of this 
technique.  The small molar volume of water causes evaporation that leads to five to eight 
times more vapour volumes than typically experienced with organic solvents.  As a result, 
efficient pumps are required to maintain a stable vacuum in the ion source.  Another 
disadvantage is the need to frequently replace pre-columns when used due to the 
accumulation of volatiles. (Schmidt et al., 2001)   
 
A DAI method for MTBE, TBA and other oxygenates was described in 1997 by Church et al.  
This method made use of a GC/MS with splitless injection into a liner held at 130 ºC and 
protruding into the column.  With an injection volume of 10 µl, the method reached detection 
limits of 0.1 ppb for TBA and all dialkyl ethers analyzed.  Schirmer et al. (2003) carried out 
microcosm studies on aquifer material using the method of Church et al. (1997).  The 
detection limits reached here were in conformity with those claimed in the method which was 
0.1 ppb for both MTBE and TBA. 
 
In 2002, Zwank et al. performed cold on-column injection into a long deactivated precolumn 
of a GC/MS.  An injection volume of 10 µl for MTBE analysis yielded a detection limit of 
lower than 0.2 ppb.  The turbomolecular pump coupled to the MS only allowed for 1 µl 
injection volume for TBA analysis.  The detection limit reached was 1.19 ppb for TBA in the 
groundwater samples analyzed.  Both these methods used a polar polyethylene glycol (PEG) 
column for separation.  Further application of the DAI technique was studied by Pyle (2000) 
and Acero et al., (2001).  
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2.8.2.2 Gas Chromatography with Flame Ionization Detection 
 
A Gas Chromatograph (GC) is an instrument that separates and identifies chemical 
compounds.  The basic principle of a GC involves the injection of a sample into a mobile 
phase.  This phase is generally a gas and its purpose is to carry the sample through the 
stationary phase of a column.   
 
A wide variety of columns are used depending on the application and nature of components 
to be analyzed.  The various components in a sample are separated in the column and travel 
through it at a rate relative to its solubility with the stationary phase.  In other words, 
components that are more soluble in the stationary phase will have a higher affinity for 
interaction with the phase and hence flow at a slower rate.   
 
The components that exit the column enter the detector and are then mixed with hydrogen gas 
that causes it to burn creating charged ions.  A high electrical potential is applied to these 
charged ions allowing them to be collected by the electrode.  The current is then measured, 
amplified and sent to an external data capturing system.   
 
The FID is a widely used detector in the analysis of volatile hydrocarbons.  It displays high 
sensitivity for compounds containing only hydrogen and carbon atoms.  In the presence of a 
heteroatom such as oxygen, the sensitivity is slightly compromised.  The response created by 
the FID is independent of volume and therefore the sensitivity is not affected by the flow rate.  
The GC system separates compounds but only identifies it once it has been calibrated.  In this 
process the peak area is plotted against standard concentration. 
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Figure 2.4:  A typical GC system (Matsumoto et al., 2005)  
 
Figure 2.4 above is a depiction of a typical GC system with all the relevant components.  
Potter et al. (1996) reported MTBE analysis in water using a DAI-GC/FID method.  He used 
a 6% cyanopropylphenyl and 94% dimethylpolysiloxane column for separation.  The 
injection mode was hot on-column injection at 165 ºC.  A method detection limit of 50 ppb 
was achieved for MTBE and TBA. 
 
Hong et al. (1999) compared a DAI-GC/FID method a DAI-GC/MS. They used a carbofrit 
filled liner and a 5 m guard column with a nitroterephthalic acid-modified polyethylene 
glycol separation column.  Although the MS method reached lower detection limits, the 
MTBE signal was seen to be obscured by what may have been PEG degradation products.  
The FID method reached detection limits of 1 ppm for both MTBE and TBA. 
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2.9 Groundwater Treatment and Remediation Technologies 
 
Subsequent to site characterization, an effective and suitable remediation strategy should be 
implemented to ensure the effective treatment of a contaminated site.  A number of practical 
remediation technologies have been developed for specific applications and occurrences.  
However, as with many aspects mentioned previously, this process is entirely site specific. 
 
  Some of these technologies include: 
• Pump and treat. 
• Air Sparging. 
• Soil Vapour Extraction. 
• Multi-Phase Extraction. 
• In-situ Bioremediation and Chemical Oxidation. 
• Phytoremediation. 
 
With oxygen being the primary electron acceptor for degradation processes, In-Situ Chemical 
Oxidation (ISCO) is one of the common remediation technologies implemented at fuel leak 
sites.  This technique results in the creation of an oxygen rich subsurface environment which 
accelerates the remediation process. 
 
In recent years, increased emphasis was placed on the non treatment method of Monitored 
Natural Attenuation.  Brown et al. (2001) investigated the effect of Natural Attenuation and 
Phytoremediation on MTBE groundwater contamination. 
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2.10 Monitored Natural Attenuation  
 
2.10.1 Background  
 
Natural Attenuation (NA) refers to all naturally occurring processes that contribute towards 
the reduction of contaminant concentrations in the environment.  Monitored Natural 
Attenuation (MNA) is a remediation process that relies on the use of natural attenuation as 
either the sole remediation process or in conjunction with other remediation options (Reitzel, 
2005).  Natural attenuation processes include biodegradation, chemical stabilization, 
volatilization, sorption, dilution and dispersion.  Geochemical conditions in the saturated 
zone, the presence of electron acceptors and nutrients and favourable pH pay an important 
role in assessing the role of natural attenuation at a fuel leak site (Deeb et al., 2003).    
 
Gasoline is found to degrade in the environment naturally but the presence of other gasoline 
components showed a decrease in the rate of degradation.  This suggests that MTBE can be 
most efficiently degraded after it has migrated beyond other gasoline constituents (Deeb et 
al., 2003).  The process of MNA requires the monitoring of a contaminated site and its 
contaminants to ensure that contaminants and the contamination plume is decreasing and not 
growing.  At sites where natural attenuation is evident, the MNA process will only be 
effective over long periods of time.  This is the major limitation when compared to other 
remediation strategies but a favourable characteristic of MNA is undoubtedly its cost 
effectiveness.  
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The presence and accumulation of TBA in the groundwater cannot be unambiguously 
attributed to natural attenuation since TBA is also often present in fuel.  However, when an 
increase in TBA concentrations over time is met with a subsequent decrease in MTBE 
concentrations, then it is safe to assume that this is due to biodegradation and hence natural 
attenuation of MTBE.    
 
Mackay et al. (2007) studied the impact of ethanol on natural attenuation.  Ethanol produced 
methanogenic and acetogenic conditions that were favourable for the process of microbial 
degradation of MTBE to TBA.  A detailed study of natural attenuation of MTBE under 
methanogenic conditions was reported by the US EPA (US EPA, 2000). 
 
Eweis et al. (2007) investigated the role of volatilization in changing TBA and MTBE 
concentrations at MTBE-contaminated sites.  Results showed an increase in TBA/MTBE 
concentration ratios.  This occurred as a result of the removal of volatile compounds like 
MTBE and the enrichment of less volatile compounds like TBA.  Other reports of natural 
attenuation were by Arp et al., 2005; Barreto et al., 1995; Wilson and Kolhatkar, 2002 and 
Shih et al., 2004.  
 
2.10.2 Monitoring of Natural Attenuation Parameters 
 
There are detailed lines of evidence that are followed when assessing MNA at a site.  The first 
is to assess the historical data of the site and determine contaminant concentration changes 
and plume shrinkage.  The second line of evidence involves laboratory analyses and field 
measurements related to electron acceptors and their associated products.  This provides an 
idea of the Terminal Electron Accepting Processes (TEAP) that occur in a plume (ITRC, 
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2005).  These measurements include Dissolved Oxygen, nitrate, sulphate manganese, ferrous 
iron and methane. Successful attenuation is associated with a depletion of electron acceptors 
and the generation of respiration byproducts (Reitzel, 2005). 
 
Amongst the many MNA parameters, sulphate and nitrate were found to be associated with 
MTBE/TBA plumes and gasoline in general.  A ‘halo’ of sulphate or nitrate around a plume 
accompanied with its depletion within the plume is an indication of biodegradation.  
Compound Specific Isotope Analysis (CSIA) is another cost effective means of acquiring 
evidence of biodegradation.  Thus compound isotope ratios, nitrate and sulphate provide a 
strong body of evidence for biodegradation (ITRC, 2005) 
 
When biodegradation and dispersion is dominant, plumes shrink and contract back towards 
its source.  But when source dissolution and advection dominate, then plumes expand.  When 
attenuation of a plume is apparent, the distribution of MTBE will depend on 1) the rate of 
attenuation at the source and 2) the rate of attenuation along the flow path of the plume (US 
EPA, 2005).  One important concern remains and that is the potential to confuse 
biodegradation with dilution (Reitzel, 2005).  
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CHAPTER THREE 
BACKGROUND TO SITE SPECIFIC STUDY 
3.1 The Cape Flats Aquifer 
 
The Cape Flats Aquifer (CFA) is the largest aquifer in South Africa and covers an area of 
approximately 630 km2.  The CFA is primarily made up of unconsolidated to semi-
consolidated sand deposits which overlie an impermeable base of either weathered granite or 
shale. The aquifer is classified as a major aquifer system due to its sustained yield capability 
of some 18 x 106 m3/a (Parsons and Taljard, 2000).  Scattered clay and calcrete lenses are 
also commonly encountered throughout the aquifer.  
 
The CFA has been extensively studied as a potential source of water supply for the region.  
Despite its yield potential, it is the most underutilized aquifer and is more prone to 
contamination due to its geology.  The aquifer is regionally unconfined and is not 
hydrogeologically linked to any other aquifer.  Over the years, the fluvial and marine erosion 
has shaped the topography on the Cape Flats (Wright and Conrad, 1995). 
 
The southern border of the CFA extends from the coast of Muizenberg to Gordon’s Bay.  It 
stretches from the Table Mountain range in the west to the Tygerberg Mountain range in the 
east and northward towards Malmesbury.  The aquifer pinches against impermeable 
boundaries in the west, east and north.  (Giljam and Waldron, 2002).  Figure 3.1 below 
illustrates the extent of the CFA. 
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Today, in the middle of the CFA, suburbs such as Mfuleni, Delft, Khyalitsha and Mitchell’s 
Plain exist.  In the early 1980s, these were predominantly dunes that were invaded by 
rooikrans.  The hub of urbanization in this region has caused a great degree of exploitation to 
the water reserves in this area.  A Western Cape Systems Analysis carried out by Ninham 
Shand in 1994, recommended the possible exploitation of the CFA by 2005 (Wright and 
Conrad, 1995).  
 
 
Figure 3.1:  The Cape Flats Sand Unit (Wright and Conrad, 1995) 
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3.1.1 Groundwater Flow Rate and Direction 
 
The rate of groundwater flow is dependant on both hydrological and chemical dynamics.  In 
some instances, the flow rates of aquifers can be affected by river flow and infiltration which 
recharges the aquifer.  Extensive abstraction of groundwater also affects the rate of 
groundwater flow (Adelana and MacDonald, 2008). 
 
Groundwater flow direction is largely dependant on the geological makeup of the area and its 
permeability.  Where no perching of the water table takes place, the flow direction would 
assume a natural flow pattern down hydraulic gradient and towards rivers and oceans.  
 
3.1.2 Sources of Contamination 
 
 
Non-point contamination sources in the Cape Town area, which affect the CFA, range from 
human settlement activities and cemeteries to storm water and waste water systems (Parsons 
and Taljard, 2000).  Other significant point sources in and around Cape Town include leaks 
from petrol and diesel UST’s as well as various industrial and agricultural discharges (Xu and 
Usher, 2006; Adelana and Xu, 2006). 
 
The sanitation risk posed to groundwater within the broader Cape Town area was found to be 
very high in shallow aquifers.  Despite the vulnerability of the aquifer to various sources, it 
was found that the overall groundwater quality in the greater Cape Town area is good enough 
to warrant its full development and utilization (Adelana and MacDonald, 2008).    
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3.2 The Mitchell’s Plain Region 
 
A catchment is a term referred to a reservoir where rainwater collects.  In 2001, Morris 
Environmental and Groundwater Alliances published a document wherein it ranked the 
Mitchell’s Plain/Khayelitsha catchment with a moderate hazard ranking (MEGA, 2001).  The 
influence of contaminated rainwater that accumulates within a catchment cannot be divorced 
from the groundwater in that area.  Some rainwater contaminants will inevitably find its way 
to the water table.  
 
The CFA is primarily recharged by seasonal rainfall within the catchments in its region.  
Average annual rainfall, which occurs mainly in winter and early spring, ranges from 500 to 
800 mm across the Cape Flats.  The Mitchell’s Plain region is signified as the main part of 
the aquifer.  In this area, the direction of the groundwater flow is either westerly towards 
Zeekoevlei or South towards Monwabisi (Wright and Conrad, 1995).   
 
Table 3.1 shows historical data of the water quality in the Cape Flats Aquifer in 1980.  In 
1994, it was discovered that in the Khayelitsha region adjacent to Mitchell’s Plain, the water 
quality deteriorated with depth (Wright and Conrad, 1995). 
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Table 3.1: Indigenous Groundwater Quality in the Cape Flats Aquifer (Wright and 
Conrad, 1995) 
CONCENTRATION 
CHEMICAL 
MEDIAN MINIMUM MAXIMUM 
 
Sodium ppm 
Potassium ppm 
Calcium ppm 
Magnesium ppm 
Ammonia (as N) ppm 
Sulphate ppm 
Chloride ppm 
Total Alkalinity (as CaCO3) ppm 
Nitrate (as N) ppm 
Nitrite (as N) ppm 
Total Phosphate (as P) ppm 
pH 
Electrical Conductivity                      mS/m 
 
57 
1.5 
95 
11 
<0.5 
30 
99 
248 
<0.1 
<0.05 
<0.1 
7.7 
78 
 
20 
0.9 
36 
3.9 
<0.5 
4 
35 
80 
<0.1 
<0.5 
<0.1 
7.0 
43 
 
760 
12.0 
150 
93 
1.2 
166 
1317 
391 
2.6 
0.1 
0.35 
8.2 
499 
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3.3 Area of Study and Nature of the Problem at the Site 
 
3.3.1 Area of Study 
 
The site under study is situated in a primarily residential area of the Mitchell’s 
Plain/Khayelitsha region.  The site is located within the Mitchell’s Plain catchment of the 
Cape Flats Aquifer.  The study focuses on groundwater quality in the vicinity of a fuel station 
in this area and an adjacent primary school which was affected by a historic fuel leak at the 
fuel station.   
Table 3.2:  Site Information 
 
 
 
 
 
 
 
 
Based on the geological information in Table 3.2, it is evident that no clay profile is found in 
the vicinity of the site.  Due to its poor permeability, clay profiles act favourably against the 
infiltration of contaminants into groundwater.  However, at the above site, fuel components 
are expected to easily permeate the soil and infiltrate into the groundwater. 
 
Elevation Approximately 35 m above mean sea level 
Topography Fairly flat with no discernible slope evident 
Geology 
The site is underlain at depth by bedrock of the 
Malmesbury group.  Overlying the bedrock is 
unconsolidated white sand with finely crushed shell of 
quaternary age.   
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3.3.2 Nature of the Problem  
 
The need for this research was initiated when a petrol-like odour was discovered originating 
from one of the existing boreholes (BH1) on the premises of a primary school adjacent to the 
fuel station where a fuel leak had occurred.  At the time of the observation, the borehole was 
being utilized for irrigation purposes on the school premises.   
 
Historical data outlined in an assessment report by Environmental Resource Management 
(ERM, 2007) showed an MTBE concentration of 2400 ppb in BH1, which is shown in the 
figure below.  Figure 3.2 is an illustration of the site under study, originally produced by 
ERM (2007). 
 
Phase 1 of the ERM investigation showed that there was undoubtedly a situation of 
groundwater contamination that resulted from a fuel leak from the adjacent fuel station.  
Pressure testing, stock reconciliation and discussions with the site manager revealed that a 
fuel leak of the order of 2000 L had occurred approximately 10 years ago from a faulty line 
which was replaced (ERM, 2007).  The nature of the leak is a common scenario which occurs 
widely in the oil industry with the leading cause being the poor maintenance of fuel storage 
and dispensing infrastructure.   
 
Hydrological slug tests, which determine the approximate rate of the groundwater flow, were 
carried out by ERM.  The flow rate in the area was found to be 4-6 m/year in the direction of 
the groundwater flow.   This information together with an indication of the extent of the 
contamination led to the conclusion that the leak had in fact occurred some 10 years ago 
(ERM, 2007).  
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The initial sentiment was that if BH1 contained such high concentrations, then wells sunk 
between the source and BH1 should provide a good indication of plume delineation.  In this 
study, monitoring wells MW1-MW6, NMW1-NMW4, BH1, BH2 and RFW will be sampled.  
The well depths are outlined in Table 3.3 below.  In the Figure 3.2, one can observe the flow 
direction which is in a south westerly direction from the fuel station (source).   
Table 3.3:  Table of well depths 
 
Well Depth (m below ground level) 
MW1 5.4 
MW1 5.6 
MW3 5.3 
MW4 4.9 
MW5 5.2 
MW6 5.4 
NMW1 6.2 
NMW2 5.8 
NMW3 6.0 
NMW4 5.5 
BH1 - 
BH2 - 
RFW - 
 
(-) data not available 
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CHAPTER FOUR 
 
DEVELOPMENT OF ANALYTICAL METHODS 
  
The initial plan was aimed at using Mass Spectrometry as the detection system (DAI-
GC/MS).  This method was proven to reach detection limits as low as 30 ppb for both MTBE 
and TBA (Hong et al., 1999).  However, when the research was due to start, the GC/MS was 
no longer functional.  Due to this unfortunate constraint, this method had to be developed 
using the available 7890A GC System with a 7683B Series Injector and equipped with a 
Flame Ionization Detector (GC/FID) from Agilent Technologies.  This system is depicted in 
Figure 4.1.   
 
Flame ionization detection (FID) is known not to be sensitive enough for trace level analysis 
(Jochmann and Schmidt, 2007).  Historical data of the site showed that a borehole some 85 m 
away from the source contained MTBE levels as high as 2.4 ppm (ERM, 2007).  It was 
therefore obvious that the area between the source and the borehole would contain much 
higher levels.  Thus, the FID system would be sensitive enough and wells sunk in that region 
would give a good idea of the extent of the MTBE and TBA contamination plumes. 
 
A major limitation of this FID method is that it will not likely detect as low as the odour 
threshold for MTBE.  Hence, samples from monitoring wells may impart a strong odour but 
upon analysis, the concentration could be below the detection limit of the method.   
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4.1 Experimental 
 
4.1.1 Apparatus and Instrumentation 
 
Listed below are the analytical instrumentation and the sample handling apparatus used in the 
study: 
• Agilent Technologies 7890A GC System with 7683B Series Injector (Figure 4.1)  
• Watson Marlow 302S Peristaltic Pump.  Maximum Speed 220 rpm. 
• Power inverter.  12 V DC to 220 V AC. 
• HANNA HI 991301 portable pH, Electrical Conductivity, Temperature and Total 
Dissolved Solids meter. 
• Sigma-Aldrich Nichipet Eco Pipettes with glass tip.  100-1000 µl and 1000-5000 µl. 
• Hamilton glass syringes.  1, 50 and 100 µl (Figure 4.2) 
• Agilent 2.5 ml Gas-Tight luer lock glass syringe with screw on needles. 
• 40 ml VOA EPA sample vials with Teflon/silicon septa (Sun Sri). 
• 2 ml DP analytical vials with Teflon/silicon septa (National Scientific). 
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Figure 4.1:  Agilent Technologies 7890A GC system used in this study 
 
 
Figure 4.2:  Pipettes and syringes used in the preparation of standards 
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4.1.2 Chemicals 
 
The chemicals used during the method development process are outlined in Table 4.1 below. 
Table 4.1:  Chemicals used in experimental procedure 
Chemical Tert-Butyl Methyl 
Ether 
Tert-Butanol Tri-Sodium Phosphate 
dodecahydrate 
Acronym MTBE TBA TSP 
Manufacturer Sigma-Aldrich Sigma-Aldrich Fluka 
Chemical Formula C5H12O (CH3)3COH Na3O4P.12H2O 
Purity (%) 99.9 99+ 98 
Molecular Weight 88.15 74.12 380.12 
 
4.1.3 DAI-GC/FID operating conditions 
 
In the method development process two methods were attempted, which were aimed at the 
development of a DAI-GC method with FID detection.  Due to the non-selectivity of FID 
detectors and poor analyte elution and integration, this method originally adopted by Potter et 
al. (1996) proved to be unsuccessful.  This lead to the development of a second method which 
then proved to be more efficient in terms of method selectivity, precision, accuracy and 
reproducibility.  The operating conditions for the two methods are outlined below.  Both 
methods were attempted on an Agilent Technologies 7890A GC System with 7683B Series 
Injector, displayed in Figure 4.1.   
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4.1.3.1 Method 1 
 
This DAI-GC/FID method was originally adopted by Potter et al. (1996) and made use of a 
94% dimethylpolysiloxane column with a 5 m deactivated fused silica retention gap.  1-5 µL 
of sample was injected into the instrument using a hot on-column injection mode with an 
injector temperature of 165ºC.   
 
Hot on-column injection is a method which involves the manual injection of a sample by 
means of a syringe directly onto a heated guard column where the vapours are swept onto the 
column by the carrier gas.  This method was used to carry out simultaneous analysis of 
MTBE and TBA without the need for a confirmatory purging technique; which is essential 
for the successful separation of various polar and alcohol compounds.   
 
The GC system used in this study was not equipped with a septum type injection system 
which is essential for hot on-column injection.  As such, Method 1 involved the automatic 
introduction of no more than 1  µL of sample using a pulsed splitless mode into the system 
inlet held at a temperature of 250ºC.  Apart from the sample injection mode, the GC 
operating conditions were similar to that implemented by Potter et al. (1996).  The operating 
conditions for this method are outlined in Table 4.2. 
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Table 4.2:  GC system operating conditions for method 1 (DAI-GC/FID) 
 
Column 
 
Type:  DB-624 
Length:  30m 
Internal diameter:  0.53 mm  
Film thickness:  3 µm  
Retention Gap:  Deactivated fused silica, 5m with an 
internal diameter of 0.53 mm. 
 
Inlet 
 
Mode:  Pulsed Splitless 
Temperature:  250ºC 
Carrier Gas:  Helium 
Septum Purge Flow: 3 ml/min 
Pressure:  40 kPa 
Injection Volume:  1 µl 
 
Oven 
 
108 ºC for 8 min then 10 ºC/min to 165 ºC for 16 min. 
Total time:  30 min 
 
Detector 
 
Type:  Flame Ionization Detector 
Response:  Area (pA/s) 
Temperature:  250ºC 
H2 Flow:  40 ml/min 
Air Flow:  400 ml/min 
Nitrogen (makeup gas) Flow:  26 ml/min 
  
To investigate the possible coelution of MTBE and TBA, standard solutions were 
individually spiked with an aliquot of 1000 ppm stock solutions of MTBE and TBA 
respectively. 
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Two method modifications were attempted with method 1:   
1) The first was the removal of the pressure pulse that was applied in the pulsed splitless 
mode.  This was carried out in order to reduce particle dispersion and diffusion and 
enhance column interaction.  This exercise was expected to subsequently improve the 
separation of MTBE and TBA.  This decreased the total run time to 17 min.  
 
2) Due to the large peak which was consistently observed at 1-3 min, a post run of 10 min at 
200ºC was added to the analysis time.  This was aimed at baking out any analytes which 
were potentially retained on the column after a sample run; which could result in the 
consistent peak noticed at 1-3 min. 
 
4.1.3.2 Method 2 
 
The second method attempted was a modification of a DAI-GC/FID method originally 
developed by Hong et al. (1999).  In this study, Hong et al. (1999) used a Carbofrit filled liner 
and a 5 m polar guard column made up of polyethylene glycol (PEG) prior to a 30 m 
nitroterephthalic acid-modified PEG column (FFAP) for separation (Jochmann and Schmidt, 
2007).  This method achieved detection limits of 1 ppm for both MTBE and TBA. 
 
Method 2 developed in this study was a modification of the method by Hong et al. (1999).  In 
order to produce a more cost effective method, the method was developed without the use of 
a guard column.  The guard column is useful for the retention of salts and other insolubles 
which may damage the analytical column.  However, a 60 m strongly water retaining TRB-
WAX column with PEG stationary phase was used.   
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The aim for the development of this method was to establish whether similar detection limits 
and reproducibility can be reached for MTBE and TBA as those achieved by Hong et al. 
(1999).  As with method 1, a pulsed splitless mode of injection was used due to the trace level 
sample application.  The GC operating conditions for this method are summarized in Table 
4.3. 
Table 4.3:  GC operating conditions for method 2 (DAI-GC/FID) 
 
 
Column 
 
Type: TRB-WAX with Polyethylene Glycol Stationary 
Phase. 
Length:  60m 
Internal diameter:  0.25 mm  
Film thickness:  0.25 µm  
 
Inlet 
 
Mode:  Pulsed Splitless 
Temperature:  250ºC 
Carrier Gas:  Helium 
Septum Purge Flow: 3 ml/min 
Pressure:  57.7 kPa 
Injection Volume:  1 µl 
 
Oven 
 
40 ºC for 5 min then at 20 ºC/min to 100 ºC.  Then 
ramped at 40 ºC/min to 200 ºC and held at 200 ºC for 10 
min. 
Total time:  20.5 min 
 
Detector 
 
Type:  Flame Ionization Detector 
Response:  Area (pA/s) 
Temperature:  300ºC 
H2 Flow:  40 ml/min 
Air Flow:  400 ml/min 
Nitrogen (makeup gas) Flow:  26 ml/min 
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Compared to method 1, method 2 displayed good separation, selectivity, reproducibility, 
accuracy and precision and was thus selected for further development and subsequently for 
the analysis of the recovered groundwater samples.  Please refer to the sections below for the 
method development process. 
 
4.1.4 Method Validation   
 
The following steps were implemented during the method validation process: 
 
1) A 1% MTBE standard was prepared with ultra pure ‘millipore’ deionized water and 
TSP as the preservative.  The retention time was determined and verified by spiking 
the standard with an aliquot of the MTBE standard.   
 
2) Step 1 was repeated with TBA and the retention time was determined and verified.  
Upon analysis of this TBA standard, a single peak is observed at a different retention 
time than observed for MTBE. 
 
3) A preserved mixture containing equal concentrations of both MTBE and TBA was 
prepared.  To confirm the peaks, the mixture was spiked with MTBE and TBA 
respectively and the peak retention times were confirmed.   
 
4) In order to reach the method detection limit, the mixture is diluted up to a point where 
the detector cannot differentiate between a peak and noise interferences.   
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4.1.5 Calibration Procedure 
 
A series of calibration standards were prepared over a range of 5 – 30 ppm.  Standards were 
prepared in 100 ml volumetric flasks containing an equal concentration of MTBE and TBA.  
1 g of TSP was added to preserve every 100 ml of standard.  TSP was first dissolved in the 
deionized water after which TBA was added.   
 
Special care was taken to add MTBE last and below the surface of the water to minimize 
volatilization.  Standards were immediately stoppered with rubber septa and vigorously 
shaken to obtain a homogeneous solution.  Standard solutions were extracted through the 
septum with a syringe in order to minimize the exposure to air.  Calibration standards were 
analyzed in sequence from lowest concentration to highest.   
 
The MTBE and TBA peaks observed at their respective retention times were integrated using 
GC ChemStation Software (Version B.01.03).  Two calibration graphs were set up for MTBE 
and TBA respectively and set as the method calibration graphs.  The concentrations of 
samples analyzed from this point on, are obtained by interpolation from these calibration 
graphs.  Please refer to section 4.2.2.3 below for the method calibration data. 
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4.1.6 Methods for verification of sample storage and preservation techniques 
 
4.1.6.1 Temperature vs Time 
 
The MTBE and TBA peak areas of a standard solution of known concentration were 
determined by analysis.  A vial containing the same standard solution was left at room 
temperature over a weekend period for approximately 66 hours whilst another was kept 
refrigerated for that duration.  After the time had elapsed, both were analyzed and the results 
compared. 
 
4.1.6.2 Preservation  
 
Two field samples were taken; the first was preserved with 0.4 g TSP whilst the other was not 
preserved.  Both samples were packed on ice in the field, treated in the same manner and 
analyzed the following day.  The results obtained from the sample containing the preservative 
was compared with that of the unpreserved sample to give an indication of the preferred 
sample preservation method.     
 
4.1.6.3 Holding Time  
 
The relevance of the standard 14-day holding time for MTBE and TBA samples was tested.  
Three samples were analyzed before the 14 days within the holding time period. These were 
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sampled in duplicate to ensure the analysis of a zero headspace sample in both instances.  
During this time, all samples were kept refrigerated.  The samples were analyzed once more 
16 days after collection and the change in concentration observed. 
 
4.1.7 Lead Metal Analysis 
 
Lead analysis was carried out on the 13 wells sampled using a Solaar M Series Atomic 
Absorption Spectrometer (AAS) at the Biodiversity and Conservation Biology Department of 
the University of the Western Cape.  The AAS is equipped with a graphite furnace that 
significantly improves its sensitivity and allows it to reach detection limits in the ppb range. 
 
Samples collected for lead analysis were acidified with concentrated HCl to a pH of <3.  
Calibration standards prepared ranged from 10-100 ppb and 1-100 ppm.  All standards were 
prepared using a 1000 ppm Lead stock solution. 
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4.2 Results and Discussion 
 
4.2.1 DAI-GC/FID Method 1 Development 
 
Method 1 was applied using the GC conditions illustrated in Table 4.2.  From the onset, this 
method proved to be ambiguous and inconclusive.  Figure 4.3 shows the chromatogram 
obtained from the analysis of a 1% MTBE standard.  This was in order to determine the exact 
retention time for MTBE.  As seen in Figure 4.3, the response noted at 1 – 3 min is not clear.  
If this was due to the MTBE peak, it should not be present in Figure 4.4 which is purely made 
up of TBA. 
 
 
Figure 4.3:  MTBE retention time test 
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The TBA chromatogram in Figure 4.4 shows that TBA produced the same response in the 
same retention time range as MTBE.  At this point, it was still not evident where the 
retention times of MTBE and TBA were. 
 
 
Figure 4.4:  TBA retention time test 
 
From Figure 4.5 below, it is evident that MTBE and TBA are coeluting.  Potter (1996) 
carried out a separate confirmatory purging technique for polar analytes which included 
MTBE.  He explained that due to the nonspecificity of FID, hydrocarbons interfered with 
ether, alcohol and polar compound analysis.  However, the standards prepared in this study 
were purely made up of MTBE and TBA and did not contain any significant and identifiable 
concentrations of hydrocarbons.  From the results acquired thus far, the only reasonable 
explanation is that MTBE and TBA can not be analyzed simultaneously using this method.  It 
is then safe to assume that the ether/alcohol interferences observed in this method deem it not 
suitable for the simultaneous analysis of ethers and alcohols in general. 
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Figure 4.5: 1% MTBE and TBA mixture 
 
In an attempt to solve this problem and improve separation between the peaks, the pressure 
pulse applied during injection was removed.  This was followed by the analysis of a pure TSP 
solution which resulted in a consistent peak noted at 3.5 min.  This was carried out a number 
of times and the persistence of this peak effected the conclusion that this peak was inevitably 
as a response to the TSP present in all standards.   
 
The only significant difference resulting from this modification is the significant decrease in 
the total run time.  Figure 4.6 shows the chromatogram obtained from the analysis of a 
mixture of MTBE and TBA with the pressure pulse removed.  
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Figure 4.6:  Mixture of MTBE and TBA with pressure pulse removed 
 
Another potential explanation could be that the huge peak at 1-3 min could be as a result of 
the water not being completely eluted from the column and hence overshadows other peaks 
appearing in that range.   
 
To assess the viability of this, a post run of 10 min at 200ºC was added to the run time.  This 
was aimed at completely baking out all traces of water that was left in the column.  This 
second modification yielded once again, the same result.  The peak still persisted at 1-3 min 
but two other peaks were noted at 7.4 and 13.5 min (Figure 4.7). 
The analysis of a TSP solution cleared this uncertainty as it also contained the same peaks at 
7 and 13 minutes.  This confirmed that these could not be due to MTBE or TBA but rather 
TSP or some impurity.  
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Figure 4.7:  Mixture with post run 
 
An exercise carried out by analyzing pure deionized water lead to the finding that a gradual 
decrease occurred in the peaks at 1 and 13 min (Figure 4.8).  This occurred with consecutive 
analysis of water samples until these peaks were very small.  The result of this was proof that 
compounds were retained on the column and were not completely eluted during the run time. 
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Figure 4.8:  Deionized water analysis in triplicate 
 
The retention time test was carried out during both modifications above by respectively 
spiking standards with MTBE and TBA, but the peaks remained ambiguous.  All results thus 
far were inconclusive and it was concluded that the conditions of this method as well as the 
column did not allow for the successful separation of MTBE and TBA.   
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4.2.2 DAI-GC/FID Method 2 Development 
 
Method 2 was applied using the GC operating conditions listed in Table 4.3.  This particular 
method displayed a greater degree of efficiency and selectivity.  Hence it was selected as the 
preferred method for further development and was also used in the analysis of the 
groundwater samples.  Various method validation parameters were studied and are discussed 
below.   
 
4.2.2.1 Selectivity 
 
This method displayed good selectivity with regard to MTBE and TBA.  Distinct peaks were 
observed and the separation time was favourable.  The peaks observed for MTBE and TBA 
respectively in this method consistently displayed a separation time of 1.6 min ± 0.1 min.  
Throughout the course of this study, no peak overshadowing or coelution were displayed for 
MTBE and TBA peaks.  At the beginning stages, the retention times were 13.59 - 13.8 min 
for MTBE and 15.35 - 15.4 min for TBA.  Figure 4.9 displays the retention times of MTBE 
and TBA. 
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Figure 4.9:  Chromatogram of MTBE and TBA retention times 
 
Standard solutions containing equal concentrations of MTBE and TBA were used in the 
method validation process.  Upon analysis of these mixtures, it is clear that this particular 
method is more selective towards TBA as opposed to MTBE.  The selectivity of this method 
is observed in Figure 4.9.  High method selectivity for TBA is characterized by TBA peaks 
being sharp whilst MTBE peaks are broad.  Figure 4.10 displays a dilution series of a 1% 
mixture standard where this is once more evident. 
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Figure 4.10:  Dilution series chromatograms displaying good selectivity 
 
 
 
 
  
 70 
 
 
4.2.2.2 Detection Limits 
 
The detection limit of a method is inversely proportional to the sensitivity.  Therefore a low 
detection limit is accompanied with a high sensitivity towards an analyte.  The results 
obtained from this method prove that it is more sensitive towards TBA due to the fact that a 
mixture of equal concentrations will result in a greater peak area for TBA as opposed to 
MTBE.  Table 4.4 displays the peak area, width and height of the peaks observed in the 
dilution series in Figure 4.10.  
Table 4.4:  Peak dimensions of dilution series in Figure 4.10 
Area (pA/s) Height (pA) Width (min) 1% 
mixture 
diluted 
MTBE TBA MTBE TBA MTBE TBA 
40 x 187.8 402.54 7.6 24.69 0.33 0.22 
60 x 75.6 191.97 3.2 12.02 0.31 0.21 
80 x 57.7 193.80 2.4 11.69 0.31 0.21 
 
The detection limits reached for this method were 1 ppm and 0.1 ppm for MTBE and TBA 
respectively.  The lower detection limit reached with TBA is in conformity with the 
subsequent increased sensitivity towards TBA.   
 
Figure 4.11 illustrates the detection limits for MTBE and TBA.  In the first chromatogram at 
1 ppm, both peaks are clearly visible.  However, at 0.1 ppm, the TBA peak can be easily 
integrated whereas the MTBE peak may not be differentiated from background interference.  
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This test was repeated several times in order to verify the sensitivity of the method towards 
MTBE and TBA.  The TBA detection limit reached with this method is 10 times lower than 
that reached by Hong et al. (1999).  
 
 
 
Figure 4.11:  Chromatograms illustrating MTBE and TBA peaks at a) 1 ppm and b) 0.1 
ppm  
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4.2.2.3 Method Calibration 
 
Two calibration curves were set up for this method.  The first was at retention times 13.8 and 
15.4 for MTBE and TBA respectively.  The need for a second calibration standard occurred 
when a shift in retention times were observed.  Tables 4.5 and 4.6 summarize the peak areas 
obtained for the 1, 10, 15, 20, 25 and 30 ppm calibration standards for the first and second 
calibration curves. 
Table 4.5:  Calibration data 1 
Peak area (pA) 
Concentration (ppm) 
MTBE at 13.8 min TBA at 15.4 min 
1 0.9 3.7 
15 23.6 28.1 
20 34.2 38.2 
25 43.2 48.7 
30 52.2 58.0 
  
R = 0.999
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Figure 4.12:  MTBE calibration curve 1 
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These two calibration curves display an excellent degree of linearity.  The linear correlation 
coefficient (R) of 0.999 for MTBE and TBA is ideal and significant for volatile compound 
analysis.   
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Figure 4.13:  TBA calibration curve 1 
 
The new retention times were 15.1 for MTBE and 16.6 for TBA.  This resulted in a 
separation of 1.5 min which is still greater than the separation reached by Hong et al. (1999).  
This shift became evident after the instrument was extensively used by another analyst for 
hydrocarbon analysis which has a run time of 105 min per sample.  This shift could have 
occurred as a result of an instrument maintenance error.  After the second calibration curve 
was setup, the analysis continued in a stable fashion.   
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Table 4.6:  Calibration data 2 
Peak area (pA) 
Concentration (ppm) 
MTBE at 15.1 min TBA at 16.6 min 
1 4.2 6.9 
10 20.6 26.8 
15 27.2 29.6 
25 53.0 57.7 
30 65.0 70.3 
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Figure 4.14:  MTBE calibration curve 2 
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Figure 4.15:  TBA calibration curve 2 
 
The correlation coefficients achieved in this second calibration are fairly lower than the first, 
yet acceptable.  Hong et al. (1999) obtained a correlation coefficient of 0.989 for TBA.  The 
decrease in the degree of linearity observed with this second calibration curve could also be 
partially attributed to the reduction in the performance of the instrument at that point.   
 
4.2.2.4 Precision 
 
To determine the precision of this method, 6 samples containing a 20 ppm mixture of MTBE 
and TBA were analyzed.  The peak areas and retention times are illustrated in Table 4.7.  
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Table 4.7:  Peak areas of MTBE and TBA precision test 
MTBE TBA 
Peak area (pA) 
Retention time 
(min) 
Peak area (pA) 
Retention time 
(min) 
22.12 13.78 22.95 15.40 
20.72 13.71 22.75 15.40 
21.25 13.75 21.38 15.42 
20.75 13.76 20.99 15.43 
21.71 13.73 22.50 15.41 
22.03 13.75 23.44 15.42 
 
Table 4.8:  Mean, standard deviation and %RSD based on peak area 
 MTBE TBA 
Mean 21.43 22.34 
Standard Deviation 0.62 0.95 
% RSD 2.89 4.26 
  
From the above data, it is proven that this method displays a high degree of precision.  The 
Relative Standard Deviation (RSD) is well within the prescribed limit of 20 % set by the US 
EPA.  The standard deviation in the retention times of these analyses, were 0.02 for MTBE 
and 0.01 for TBA.  This is also within the limit of 0.06 retention time units as set by the US 
EPA.   
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4.2.2.5 Standard Addition 
 
The efficiency of the standard addition technique was explored in this method.  A blank 
standard was spiked with 2.5 ppm and the concentration detected.   Another sample was 
repeatedly spiked with a 20 ppm standard mixture of MTBE and TBA.  The aim of this 
exercise was to determine the accuracy of adding a standard aliquot of known concentration 
and how this relates to the peak area and concentration obtained from the instrument.  Table 
4.9 illustrates the results obtained from this exercise.   
Table 4.9:  Concentrations detected by the instrument for spiked samples 
 
Concentration detected Expected concentration  
(ppm) MTBE (ppm) TBA (ppm) 
2.5 2.816 2.091 
20 22.027 22.435 
40 42.669 44.074 
60 66.347 66.547 
 
The results of this exercise showed a better accuracy for TBA.  TBA displayed uniformity in 
concentration change whilst MTBE concentrations were more volatile.  From the above 
results one can also conclude that this standard addition method will not be a viable option 
for spiking samples where the concentration to be determined is in the ppb range.   
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The variation in concentration is observed in the ppm range for MTBE and in the 100 ppb 
range for TBA.  Thus, samples containing concentrations lower than 100 ppb cannot possibly 
be differentiated from the margin of error in this instance.  Attempting to spike samples with 
a lower concentration such as 2.5 ppm will undoubtedly decrease the margin of error.  
However, this is still not sufficient accuracy for the analysis of samples with trace level 
concentrations.  
 
4.2.3 Sample storage and preservation technique 
 
4.2.3.1 Temperature vs Time  
 
A TBA concentration loss of 8.1% was observed in the sample that was kept at room 
temperature.  The MTBE concentration in this sample decreased significantly with a recorded 
loss of 46%.  Figure 4.16 displays the chromatograms of both samples.  The sample that was 
refrigerated experienced an insignificant loss of both MTBE and TBA.  
 
It should be noted that in order to successfully reach conclusive results in this experiment, 
samples should be stored with zero headspace.  Failing to do so, will introduce another factor 
which is loss due to volatilization.  This process is evident at room temperature as well as 
below 4ºC.   
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Figure 4.16: Chromatograms of the samples stored at room temperature and 4ºC 
respectively 
 
4.2.3.2 Preservation technique 
 
Many methods do not require the preservation and refrigeration of samples.  This assessment 
examines the need for sample preservation in addition to sample refrigeration.  The two 
groundwater samples that were collected were packed on ice and analyzed immediately the 
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following day.  Table 4.10 illustrates the concentrations detected upon analysis of these two 
samples. 
Table 4.10:  concentrations of preserved and unpreserved samples 
 
Sample MTBE concentration (ppm) TBA concentration (ppm) 
Preserved Sample 
(TSP) 
2.346 0.636 
Unpreserved Sample 1.541 0.930 
 
 
The results obtained in this experiment confirm what was mentioned in the literature review 
regarding MTBE degradation.  A 34% decrease in MTBE concentration was observed 
whereas TBA displayed a 46.2% increase.  This is a significant decrease for samples that 
were collected 24 hours prior to analysis.   
 
The preservation of samples with TSP creates unfavourable conditions for the hydrolysis of 
MTBE.  This trend also confirms the fact that a decrease in MTBE concentration is followed 
by a subsequent increase in TBA concentration.  The correct handling and preservation of 
samples are extremely critical when monitoring MTBE and TBA concentrations. 
 
Precipitate formation  
 
All the preserved groundwater samples collected in this study formed a precipitate that settled 
out at the bottom of the vial.  Unpreserved samples did not display any signs of precipitate 
formation.  The amount and colour of the precipitate was related to the nature of the sample; 
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the more contaminated the sample the more the precipitate.  It was initially feared that the 
precipitate somehow affected the concentration of MTBE and TBA.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.17:  A photo illustrating the precipitate formation (indicated by the yellow 
arrow)  
 
The samples were acidified with 7-8 drops of concentrated HCl thus causing the sample to be 
very acidic.  The precipitate gradually disappeared with the addition of the acid until the 
sample was clear.   
 
Lead metal analysis was carried out on these samples and the results showed that the degree 
of precipitate formation was directly proportional to higher lead concentrations.  It was then 
concluded that the precipitate formed was potentially a metal hydroxide that complexed out 
with TSP.  Table 4.11 shows the lead analysis results of the 13 wells sampled at the site. 
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Table 4.11:  Lead analysis concentrations 
 
Sample  Concentration (ppb) 
BH1 0.079 
BH2 0.073 
MW1 1.567 
MW2 0.284 
MW3 0.182 
MW4 0.120 
MW5 0.083 
MW6 0.428 
NMW1 0.008 
NMW2 0.233 
NMW3 0.080 
NMW4 0.036 
RFW 0.415 
 
The lead concentrations display a trend that is in agreement with the general degree of 
contamination expected at the site.  MW1 can be classified as the contamination source; well 
locations are illustrated in Figure 3.2.  The above results display a general trend in 
concentrations.  Wells that fall within a radius of 35 m from the source have displayed higher 
concentrations (>0.2 ppb) of lead.   
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A point worth noting is the high concentration of RFW.  This is a reference well positioned 
up gradient from the contamination source and is not expected to contain any contamination 
linked to this source.  Another concern is the concentration of MW6 compared to NMW1; 
these two wells are approximately five metres apart yet NMW1 contains trace concentrations 
of lead whilst 0.4283 ppb was detected in MW6.  The only reasonable explanation for this 
occurrence would be related to the vertical profiles and depths of these two wells and the 
degree to which it penetrates the plume.  In cases like these, it is extremely difficult to draw 
conclusive evidence of concentration distributions without a thorough understanding of the 
hydrogeological properties of the site that is being studied. 
 
4.2.3.3 14-day Holding Time  
 
Three samples were collected and analyzed within the first week of sample collection.  The 
samples were refrigerated and rerun 16 days after collection.  A Comparison of MTBE and 
TBA concentrations has proved that samples were stable up to that point.  The insignificant 
variation in concentrations can be attributed to analyte loss due to volatilization during 
sample handling.   
 
This conclusion is driven by the notion that sample concentrations did not decrease uniformly 
throughout.  However, MW1 and MW2 displayed a slight increase in concentration after the 
14 days.  Therefore we can assume that potentially a higher concentration was volatilized 
during the first analysis.  Table 4.12 shows the difference in concentrations detected.  
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The results show that MTBE and TBA samples, when correctly preserved and handled, could 
remain stable for periods longer than 14 days.  As mentioned previously, the analysis of 
MTBE and TBA samples requires specialized instrumentation.  Hence, many laboratories are 
not equipped to perform these analyses and samples may be required to be transported off to 
another destination.  The holding time of 14 days for these samples is not favourable in that it 
allows limited time for analysis.   
Table 4.12:  Concentrations of samples before and after 14 days 
Conc. during holding time (ppm) Conc. after holding time (ppm) 
Sample 
MTBE TBA MTBE TBA 
MW1 7.026 1.054 7.464 1.554 
MW2 36.338 35.693 37.187 34.908 
NMW2 BDL 0.973 BDL 0.622 
 
 
  
 
 
 
 
 
 
 
Figure 4.19:  MTBE concentrations during and after 14-day holding time 
0
5
10
15
20
25
30
35
40
MW1 MW2
co
n
ce
nt
ra
tio
n
 
(pp
m
)
during holding time after holding time
 
 
 
 
  
 86 
 
 
 
 
 
 
 
 
 
 
Figure 4.20:  TBA concentrations during and after 14-day holding time 
 
Despite the recommended holding time of 14 days, a US EPA (2005) document suggests that 
the effective holding time for samples preserved with trisodium phosphate is more than three 
months.  Another mentioned that if samples were refrigerated at 10ºC or lower, then less than 
5% of MTBE would be hydrolysed in the first 30 days of storage (White et al., 2002).  An 
attempt to verify this was made in the laboratory by analyzing NMW2 approximately 2 
months after it was collected, but the instrument response was below detection limit.  The 
sample was refrigerated throughout this period.  Despite NMW2 being a poor choice of 
sample for this exercise, due to its low concentrations, it was used due to the unavailability of 
a zero headspace sample of MW2 at the time. 
 
The decrease in concentration provides a clear indication that degradation has occurred in this 
time.  The high detection limit of this method causes a significant constraint in this 
experiment in that the exact concentration present after two months could not be determined.  
0
5
10
15
20
25
30
35
MW2 MW1 NMW2
co
n
ce
n
tra
tio
n
 
(pp
m
)
during holding time after holding time
 
 
 
 
  
 87 
It is also possible as suggested by White et al. (2002) that only about 10% of the sample 
degraded in these two months, but this cannot be fully assessed using this sample.   
 
Therefore, despite suggestions that samples can be stored for periods much longer than 14 
days, this period is used as a safe range in which if degradation occurred, it will have no 
significant impact on the quality of the analytical results (especially those samples containing 
very low concentrations). 
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4.3 Conclusions to Methods Development 
 
Method 1 which was attempted in this study was not useful since it could not effectively 
separate MTBE and TBA.  This was clearly observed with standard mixtures containing only 
MTBE and TBA.  The complication related to the coelution of MTBE and TBA would have 
only worsened with the presence of other hydrocarbons found in groundwater samples 
containing fuel constituents.   
 
The main aim of this project was achieved with the successful development of a DAI-
GC/FID method.  This method displayed good precision, fair accuracy, good separation and 
method stability.  It was fairly selective to the compounds analyzed as minimal interference 
was evident from other components in the sample matrix.  The method detection limits 
achieved for MTBE and TBA were 1 ppm and 0.1 ppm respectively.  With a peak separation 
of 1.6 min and a detection limit of 0.1 ppm for TBA, this method displayed improved 
selectivity and sensitivity than that displayed by Hong et al. (1999).  The one major 
disadvantage is the inadequacy of this method for trace level analysis.  However, this method 
was found to be efficient, simple and low maintenance.   
 
This study proved that sample refrigeration and preservation are advised when collecting 
MTBE and TBA samples.  Proof was supplied that MTBE and TBA concentrations in a 
sample can remain fairly stable after the suggested 14 days holding time.  
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CHAPTER FIVE 
 
SITE SPECIFIC STUDY 
 
5.1 Introduction 
 
Eleven wells were sunk in the vicinity of the fuel station and the adjacent primary school 
property.  BH1 and BH2 were existing boreholes on the school premises and the initial 
hydrocarbon odours were detected in BH1.  BH2 is used for irrigation and watering of the 
vegetable garden.  Refer to Figure 3.2 for a layout of the site under study and the positions of 
the wells and boreholes.   
 
Well RFW was sunk by ERM in order to be used as a reference well and aid in the 
delineation and characterization of the contamination plume.  MW1, MW2 and NMW3 are 
the wells that are closest in proximity to the service station and down hydraulic gradient of 
the tanks and dispenser pumps on site.  
 
At the time of the site assessment, limited information was available regarding the vertical 
extent of the subsurface contamination.  As such, wells were sunk at varying depths ranging 
from 4.9 – 6.2 m bgl.  Refer to Table 3.3 for the depths of the wells on site.  The wells were 
strategically sunk in areas of known contamination (vicinity of BH1) as well as down 
hydraulic gradient in the direction of the groundwater flow (MW4 and NMW3). 
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5.2 Sampling Procedure  
 
Samples were collected in 40 ml Sun Sri EPA sample vials with Teflon/silicon septa.  Sample 
vials were prepared by adding in excess of 0.4 g of TSP (for sample overflow during 
sampling) to each 40 ml vial.   
 
In the field, wells were purged using a peristaltic pump (Watson Marlow 302S peristaltic 
pump powered with a DC to AC power inverter) until stable field parameters such as pH and 
Ec were reached.  Field parameters were determined using a HANNA HI 991301 portable 
pH, electrical conductivity (Ec), temperature and total dissolved solids meter.  
 
Sample vials were completely filled taking special care not to introduce any air bubbles into 
the vial.  All samples were immediately packed on ice in the field and refrigerated at the 
laboratory (~4 ºC).  Samples were preferably analyzed as soon as possible or within the 
holding time of 14 days. 
 
Figure 5.1:  A view of the groundwater sampling setup 
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5.3 Results and Discussion 
 
Wells were purged for an average time of approximately 15 minutes after which stable field 
readings were obtained and samples collected.  The field parameters recorded for the wells 
are presented in Table 5.1. 
Table 5.1:  Field parameters of wells 
Well* pH Ec (mS/m) TDS (ppt) Temp (ºC) 
BH1 7.40 73 0.36 20.4 
BH2 7.05 59 0.29 19.9 
NMW1 7.05 71 0.35 17.8 
NMW2 6.60 98 0.49 21.4 
NMW3 7.44 45 0.22 21.1 
NMW4 7.61 26 0.13 18.6 
MW1 7.07 97 - 21.3 
MW2 6.97 96 - 20.4 
MW3 7.04 58 0.29 18.5 
MW4 7.33 41 0.20 19.8 
MW5 6.85 0.69 0.34 20.2 
MW6 7.35 69 0.31 17.8 
           (*) Refer to Figure 3.1 for well locations  
           (-) data not available  
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The first sampling round took place in August 2008 which involved the collection of samples 
from all the wells in the vicinity of the fuel station and the adjacent primary school.  The 
analytical results of this round of sampling are illustrated in Table 5.2 below. 
Table 5.2:  Concentration results of first sampling round (August 2008) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample 
MTBE conc. 
(ppm) 
TBA conc. 
(ppm) 
BH1 BDL BDL 
BH2 BDL BDL 
NMW1 BDL BDL 
NMW2 2.346 0.636 
NMW3 BDL BDL 
NMW4 BDL BDL 
MW1 6.387 1.774 
MW2 38.907 9.074 
MW3 BDL BDL 
MW4 BDL BDL 
MW5 BDL BDL 
MW6 BDL BDL 
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Figure 5.2:  Example of a typical contaminated sample chromatogram  
 
Figure 5.2 is an example of a typical chromatogram acquired from the analysis of a 
groundwater sample where the good selectivity of this method is proven.  Despite the sample 
containing a range of contaminants, no interference or coelution is observed.   
 
10 of the 13 samples analysed displayed concentrations below the method detection limit.  
Wells MW1, MW2 and NMW2 contained significant concentrations of MTBE and TBA and 
were thus resampled four months later.  The concentrations are illustrated in Table 5.3 below. 
Table 5.3:  2nd round of analysis (December 2008) 
 
 MW1 MW2 NMW2 
MTBE conc. (ppm) 7.026 36.338 BDL 
TBA conc. (ppm) 1.351 35.693 0.973 
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After gathering this data, it was decided that there was no longer a need for over time 
monitoring of MTBE and TBA levels at this site.  MW1 and MW2 are not positioned on the 
site being studied but are rather at the adjacent fuel station.  NMW2 is the only well available 
on the site that contained a detectable concentration.  Upon the second analysis of MW1, 
MW2 and NMW3, significant levels were only detected at the source and none on the site.  
The MTBE level of 2.346 ppm has now degraded to below detection limit. 
 
MTBE analysis performed by ERM at this time showed that all the wells on the school 
premises were below detection limit except for MW3 and MW5 which contained trace levels 
of 1.1 and 0.37 ppb respectively.  Samples collected by ERM are analyzed using a GC/MS 
method with a quantification limit of 0.3 ppb.  It is therefore of no use to continue monitoring 
this site with a less sensitive method (ppm range detection), given that nothing will be 
detected.  Table 5.4 summarizes the MTBE levels accumulated by ERM (2008). 
Table 5.4: MTBE concentrations (ERM, 2008) 
 
 
 
 
 
 
 
Well MTBE ppb 
MW1 8 300 
MW2 35 000 
MW3 1.1 
MW4 <0.30 
MW5 0.37 
MW6 <0.30 
MW7 <0.30 
MW8 <0.30 
BH1 <0.30 
BH2 <0.30 
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The initial MTBE concentration of 2.4 ppm in BH1 led to the assumption that much higher 
concentrations would persist on the school field between the fuel station and BH1 (ERM, 
2007).   One year later, no MTBE is detected except for trace levels in only two of the wells.  
Examination and monitoring of MNA parameters on the site showed that natural attenuation 
processes were the driving force behind the rapid decrease in concentrations.   
 
Prior to this study, BH1 was used extensively for watering the vegetable garden and the 
school field.  The excessive abstraction from this well could have either drawn the plume 
towards BH1 or the excessive extraction could have caused the plume to dive and reach the 
subsurface extraction point of BH1.  
 
Natural attenuation is a slow process and ERM claimed that the leak potentially occurred 10 
years ago.  If natural attenuation is the driving force behind this cleanup, then it would be 
safe to assume that the concentration level detected in BH1 was one that has already 
decreased significantly as a result of 10 years of natural attenuation.  The school field is 
directly linked to the boundary wall of the fuel station (source).  It is possible that the plume 
could have been making its way towards the school buildings for years without being 
detected since this area of about 80 metres forms part of the school field.  A groundwater 
flow rate of 4-7 metres per year in this area would justify the odour only being detected about 
10 years later due to the plume only reaching that distance at that time.   
 
That the TBA levels are also below the detection limit is an indication that TBA is not 
accumulating at this site.  If it was, then BH1 should have displayed a high concentration of 
TBA.  This does not imply that MTBE degradation is not occurring but quite to the contrary.  
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TBA levels in MW1 and MW2 prove that MTBE transformation to TBA is undoubtedly 
evident.  However, when comparing these levels, one would note that MTBE and TBA levels 
are balanced and proportional.  In other words, if the degradation process resulted in an 
accumulation of TBA, then TBA levels should be significantly higher than MTBE levels.  
The natural subsurface conditions in this area, however, create favourable reaction conditions 
for the complete breakdown of MTBE.  
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5.4 Conclusions to Site Specific Study 
 
 
The site studied in this project showed startling evidence of rapid natural attenuation.  Within 
a period of one year, groundwater MTBE and TBA levels went from the high ppm range to 
scattered trace levels in the ppb range. Continuing to monitor the groundwater at this site will 
not enrich the aims of this project in any way since a more sensitive GC/MS method also 
produced results that were below detection limits.  Two other major role players are the 
processes of dilution and dispersion that play a role in every moving contamination plume.   
 
The only well that displayed slightly detectable levels of TBA concentrations was NMW2 
which is located approximately 5 metres from the source.  However, this well still emitted a 
fuel-like odour despite its MTBE levels being below the detection limit of our method.  The 
fact that significant TBA levels were not detected in BH1 proves that the possibility of TBA 
accumulation at this site is not a concern.  Another phenomenon that proves this is the 
proportional relationship between MTBE and TBA concentrations in the wells analyzed.  
TBA accumulation would ideally be associated with high TBA/MTBE ratios but this was not 
apparent at this site. 
 
Despite the fact that problematic MTBE concentrations persisted at the service station, 
limited evidence of significant MTBE contamination was identified at the adjacent primary 
school.  As such, MTBE health risks from existing pathways were found to be irrelevant for 
receptors at the school. 
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5.5 Suggestions and Way Forward 
 
A relevant concern at this site is the depths of the wells and whether or not they penetrate the 
contamination plume.  Multistage wells that allow the extraction of groundwater at different 
depths should be sunk and an extensive water quality survey should be carried out on these 
wells.  This will provide confirmation about whether or not a contamination plume is lurking 
in the subsurface. 
 
An interesting study would be to carry out an analysis on all the degradation products of 
MTBE and how they change over time at this site.  This will give a clearer view on the exact 
degradation path that is being followed by MTBE.   
 
MW2 initially contained a concentration of 5.4 ppm which has now increased to 36 ppm.  
The source should be rechecked for potential current leaks and the huge difference noted in 
MW1 and MW2 MTBE concentrations, despite them being so close together, should be 
investigated.   
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APPENDICES 
 
 
Appendix A 
 
Calibration standard preparation 
 
Standards were prepared using equal concentrations of MTBE and TBA.  A 1% v/v standard 
mixture is prepared by filling a volumetric flask up to the mark with ultra pure deionized 
water and in excess of 1 g of TSP was added and dissolved.  2 ml were removed using a 
pipette.  1 ml of TBA was added followed by 1 ml of MTBE below the surface of the water.  
Due to the high volatility of MTBE, samples are immediately stoppered and kept refrigerated. 
 
All standards were prepared using the following expression: 
C1 V1=C2 V2 
 
For calibration standards, a stock solution mixture of 1000 ppm v/v was prepared using the 
above formula.  Calibration standards are prepared from this stock solution. 
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Appendix B 
 
1. Mean 
The mean is the average of all n number values expressed as: 
Mean = n1 + n2 + n3  
  
                    3 
 
 
2. Standard Deviation  
σ = √ [(Σxi2)/n]   
Where χ is the individual standard deviation and n the numbers in the set. 
 
 
3. Relative Standard Deviation 
 
% RSD =   Standard deviation  x 100 
                           Mean 
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Appendix C 
 
1. Method Development Data 
 
Table 1:  MTBE and TBA (retention times 13.8min and 15.4min respectively) 
calibration standards peak areas  
Peak area (pA) 
Concentration (ppm) 
MTBE at 13.8 min TBA at 15.4 min 
1 0.9 3.7 
15 23.6 28.1 
20 34.2 38.2 
25 43.2 48.7 
30 52.2 58.0 
 
 
Table 2:  MTBE and TBA (retention times 15.1 min and 16.6min respectively) 
calibration standards peak areas  
Peak area (pA) 
Concentration (ppm) 
MTBE at 15.1 min TBA at 16.6 min 
1 4.2 6.9 
10 20.6 26.8 
15 27.2 29.6 
25 53.0 57.7 
30 65.0 70.3 
 
 
 
 
 
  
 108 
  
Table 3:  Peak Areas of six standards containing a 20ppm mixture of MTBE and TBA 
indicating good method precision 
 
MTBE TBA 
Peak area (pA) 
Retention time 
(min) 
Peak area (pA) 
Retention time 
(min) 
22.12 13.78 22.95 15.40 
20.72 13.71 22.75 15.40 
21.25 13.75 21.38 15.42 
20.75 13.76 20.99 15.43 
21.71 13.73 22.50 15.41 
22.03 13.75 23.44 15.42 
 
 
 
Table 4:  Standard addition expected and detected concentrations indicating good 
method accuracy 
 
Concentration detected Expected concentration  
(ppm) MTBE (ppm) TBA (ppm) 
2.5 2.816 2.091 
20 22.027 22.435 
40 42.669 44.074 
60 66.347 66.547 
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Table 5:  Preserved and unpreserved MTBE and TBA sample concentrations as an 
indication of the efficiency of sample preservation with TSP  
 
Sample MTBE concentration (ppm) TBA concentration (ppm) 
Preserved Sample 
(TSP) 
2.346 0.636 
Unpreserved Sample 1.541 0.930 
 
 
2.  Site Specific Study Data 
 
Table 1:  Lead analysis concentrations obtained from the wells sampled in the vicinity of 
the fuel station and the adjacent school property 
 
Sample Concentration (ppb) 
BH1 0.079 
BH2 0.073 
MW1 1.567 
MW2 0.284 
MW3 0.182 
MW4 0.120 
MW5 0.083 
MW6 0.428 
NMW1 0.008 
NMW2 0.233 
NMW3 0.080 
NMW4 0.036 
RFW 0.415 
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Table 2:  MTBE and TBA concentrations of samples MW1, MW2 and NMW2 during 
and after the 14-day holding time 
 
Conc. holding time (ppm) Conc. after holding time (ppm) 
Sample 
MTBE TBA MTBE TBA 
MW1 7.026 1.054 7.464 1.554 
MW2 36.338 35.693 37.187 34.908 
NMW2 BDL 0.973 BDL 0.622 
 
 
 
Table 3:  Field parameters of sampled wells  
Well pH Ec (mS/m) TDS (ppt) Temp (ºC) 
BH1 7.40 73 0.36 20.4 
BH2 7.05 59 0.29 19.9 
NMW1 7.05 71 0.35 17.8 
NMW2 6.60 98 0.49 21.4 
NMW3 7.44 45 0.22 21.1 
NMW4 7.61 26 0.13 18.6 
MW1 7.07 97 - 21.3 
MW2 6.97 96 - 20.4 
MW3 7.04 58 0.29 18.5 
MW4 7.33 41 0.20 19.8 
MW5 6.85 0.69 0.34 20.2 
MW6 7.35 69 0.31 17.8 
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Table 4:  MTBE and TBA concentrations obtained during the first sampling round of 
wells in the vicinity of the fuel station and adjacent school property (August 2008) 
 
 
 
Table 5:  MTBE and TBA concentrations obtained during the second sampling round of 
wells MW1, MW2 and NMW2 (December 2008) 
 
 MW1 MW2 NMW2 
MTBE (ppm) 7.026 36.338 BDL 
TBA (ppm) 1.351 35.693 0.973 
 
 
Sample MTBE conc. (ppm) TBA conc. (ppm) 
BH1 BDL BDL 
BH2 BDL BDL 
NMW1 BDL BDL 
NMW2 2.346 0.636 
NMW3 BDL BDL 
NMW4 BDL BDL 
MW1 6.387 1.774 
MW2 38.907 9.074 
MW3 BDL BDL 
MW4 BDL BDL 
MW5 BDL BDL 
MW6 BDL BDL 
 
 
 
 
